U.S. DEPARTMENT OF COMMERCE U.S. DEPARTMENT OF ARMY
NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION CORPS OF ENGINEERS

U.S. DEPARTMENT OF INTERIOR
BUREAU OF RECLAMATION

HYDROMETEOROLOGICAL REPORT NO. 55A

(SUPERCEDES HYDROMETEOROLOGICAL REPORT NO. 55)

Probable Maximum Precipitation Estimates-United States
Between the Continental Divide and the 103rd Meridian

Prepared by
E.M. Hansen and D.D. Fenn
Water Management Information Division
Office of Hydrology
National Weather Service
and
L.C. Schreiner and R. W, Stodt
Flood Section, Surface Water Branch
Earth Sciences Division
Bureau of Reclamation
and
J.F. Miller, Consulting Meteorologist

Silver Spring, Md.
June 1988




TABLE OF CONTENTS

Page
PREFACE TO REVISED ITION-.‘...!lll..l.l.‘.‘..l...l.dld.I.l.l.l....ll xvi

ABSTRACTO.Q.I.Q...l.I.lI.....l‘.l.I.IOIIC.‘..ll..l.l.I.I.!.I.....-...l l

IntroductioN. evaaassosasorarersssssssssasonssssenssonsvsana
Backgroundeseoasueasesessnssesssnsscsonanssaranasasancoanes
AULHOTLIZAEIOM e e s enerasacesnsosnsnasassscrsssnasencanasuoas
Study regioNeceessssssnsreresncsesscercsesavesunasassnnans
Method of Stud¥eeesersvrenasasensrersssnssasscssnanansarane
DefinitionS.ececsacsosssssnsrassssscnsseneversancanssnnnas
Terraln revViewsecseesesasosossssssasassssvsnssansnssovenesr
Previous PMP estimates for the CD-103 regioNiecscessssnes
Application of BMR No. 52 to PMP from this study...ee...s
Organization of the reportisssescccsascrscsssrassssnnsnne

* ]

(V=0 RN I W, I VRS L I

o e e e e e
(=R NI N NV, VU VU N

2. Meteorology of major storms in the CD-103 region.sessesesss 11
2.1 INtroductiOlscesasesesesastesanssssoncesnanssonsnnsansensavane 11
2.2 Major storms of record.sveessvrecassssnsavereranccscscncss 11
2.3 IMpOYtANt SLOTMSBecacesenerevsvtstsnsnsnassssnsvtsrsansancnsns 15
2.4 Meteorological analyses of StOIMSaveessaccscncessnonsnnss 17
2.4.1 Extratropical SLOrMSesaseccsssossssanasccnssssansssanes 17
2.4,1.1 Warrick, Montana = June 6-8, 1906 (10)icesvvsnsesanns 17
2.4,1.2 Penrose, Colorado — June 2=6, 1921 (31)seeccncsvsasen 21
2.4.1.3 Springbrook, Montana — June 17-21, 1921 (32).ceeneree 23
2.4.1.4 Savageton, Wyoming - September 27-October 1, 1923

(38)-0-ooola.lo'.c.0.0tnlllolol.....lllln...tonon.a 26

2.4,1.5 Cherry Creek (47) - Hale (101), Colorado -

May 30=31, 1935, 4cecaserersssesanaseraransasacccnes 30
6 Gibson Dam, Montana — June 6~8, 1964 (75).cseernscsns 33
7 Plum Creek, CO — June 13-20, 1965 (76)cveecscssvsesas 36
8 Big Elk Meadow, Colorado = May 4-8, 1969 (77).sseenes 42
9 Big Thompson, Colorado - July 31-

August 1, 1976 (Bl)euaeuscesacencresssasssnsnaornas 44
Tropical StOrMS.csesevrussasssssssasrsrasascsnssansanans 47
.1 Rancho Grande, New Mexico - August 29-

September 1, 1942 (60)sscesvevasacssscsscransaranes 47

2,4.2.2 Vic Pierce, Texas - June 23-28, 1954 (112)evscscnasss 50
2.5 Storm classiflcationeeescessscrerasassssarsnacsonsvosnssa 55
2.5.1 Storm classification systeMisescssresvesscssnsssvnssans 55
2,5.1.1 Characteristics of sStorm classeScisessssssnessassnsrss 55
2,5.2 Example of application of storm classification
BYSTOMuuesasacuacenssorasssansssvvonesssacncnevsscsanns 57
2.5.2.1 Convective/cycloniCeieressrsasasssessspascanassnsvsanus 57
2.5.2,2 Simple/COmpleXsaseesssrassesasssanosncronsacassaresan 59
2.5.3 Classification of sStorms by tyPCasesessvesasassensnenes 59
3. Terraln classification SySteMeeevesnsosvesosssssssnnsrssans 64
3.1 INtroductioNesesasessneressasssssevasssarssanssnssssacces 64
3.2 Classificationeesicscsesaresassnsassnsrssasasserasrsnsnnss 64
3.2.1 Orographic/nonorographic linesseeesesererssascsssvavanas 64
3.2.2 First UpPSlOpPEeSeasaceceaccessossssssanarassnsascasssenas 65
3.2.3 Sheltered least orographic subdivisions.seeececssecsass 66

iii



LT VL VLR WL PO o X

L] E l »

e e B B T BV N N R N T [ N L N O T ST QT O

R
L=A BV P R L Y

o 00 00 00 oo
- L ] -

B OP B

» -

[

8.2,2.1

Sheltered orographic subdivisionS.seseeccesecoceonscess
Barrier/effective elevaltion MAP. «veeseccossesaosoonsenoss

Maximum persisting 12-hr 1000-mb dew pPOINtSeescoseecscesces
Background...............................................
Data collectionssuaseseveesasnsuncnnosacnssseencoocssnnons
T
Other Studies..............c..--....-.-......-...-.-....-
Revised 8€a80na8l MAPS.sseeseresvsesasscesncncsncasessenes

Representative persisting 12-hr 1000~mb storm dew points...
Introduction....-...-..-o....-.....-.--........o.-.-.....
Criteria for selecting representative storm dew pointe...
Selection of representative storm dew POLNtSseescecsssecss
Storm moisture maximization FACLOTSecessesrscssesvncrsnes

Approaches.......-........o.--....-.....--.....-..-.......-
Introduction......-....................................-.
Orographic mOdelSoooounloooc--oooc--o.o-n-o.ooc--ootoonln
Traditional apProachescosuesesssesconronnescocassssesansss
Storm separation Methodsessesessrersooncscssoncossnecseses
Depth”area relations..........--...-.......-......--.-...
Local=8Lorm PMPucssesrcrssescrososnssssovnaonsssansosoane

Storm separation Methodesesescossesccncassaassosncocnssssns
Introductione seeeeunsoesenresneonsvoencncsensnnnsnnncnnes
GloSSAry Of LOrMBececsscsctosersoscovanarsscrsacesescesee
Background........-.....-..........-........-.....--.-.-.

Basic concepts.-..o..--....--......-...-.-......--.o.-.
Overall method....-......-......-...-.......-.-......
Module 1-ooo.o.oo.-aoo..-ooooo-o-uoooo-.-o..aoo-oooca
Module 2-oo-oooooc-.oo.cn-ooo-o-o.ott-c.o.oa-c-oocono
Module 3.0--caou.-o.ouo.o.ouc-ot.oo-oo.o-co-oaoc.o..-

" Module 4...0..-..00.--.ooo---o.o-a--oo-o-o-oooo--c-oo
Hethodology.....-.-...-.-...--.....-.....................

Module'flowcharts....-.....-..............-.....-......
Module 0O procedure.........r....-...-...-.-..........
Module 1 procedure--............-.....-........-....-
Module 2 procedure-.....-....-........-............-.
Module 3 ProceduUresccscrscnssssaccavsssncnnnssncnsnes
Module 4 procedure...-....-.-......-.....-.....-.--..
Module 5 documentation...--..-.......................

Example of application of SSMueseveseoscesancrovaancasses
Application of SSM to this StUdYeseeconosescncorarcnssnen

Storm transposition..--..........-..--............-........
Introduction....--..-.......-.......-.......-...-.....--.
Transposition 1imits.ooc.otoulnoo.o-o-oaotoa-ooo-.--o-o-o

Transpos{ition 1imits DY STOTM CYPCsevnernosnencsssssess

Final transposition limits of storms for individual
total storm preciplitationseeesvesecseessscsascsncnnes
Gibson Dam, Montana storm — June 6-8, 1964 (75).ssc..

iv

Page

67
67

69
69
70
72
75
76

83
83
83
33
88

94
34
94
94
95
95
96

96

96

96
103
105
105
105
106
106
107
107
108
108
110
111
113
118
118
122
122

124
124
124
124

127
127



Page

8.2.2.2 Cherry Creek, Colorado storm - May 30-31, 1935 (47).. 128
8§.2.3 Transposition limits Of FAFP.vececesecaaccasansonrannnns 128
8.3 System used to select transposition 1ocationS.sesessseses 129
3.4 Moisture maximization and transposition procedures....... 130
8.4.1 In—place moisture adjusStment.svesessvesssesassvasnasens 130
8.4.1.1 _ Limitations to in-place moisture adjustment...seecss. 131
8.4.2 Transposition adjuBtmentSeissccenarserssasonssnsavsasans 132
8.4,2.1 Horizontal transposition adjustment..eesssssoscavsves 132
8.4.2.2 Vertical transposition adjustment.siecesessorovsssons 132
8.4.3 Distance-from—coast adjustment for tropical storms..... 133
8.4.4 Total transpositlon adjuStment..eccesevesrovassonssnses 134
8.5 FAFP MADsvssssssasssssasossrsroscacsoananssassasnsasssass 135

. Other faCtOTSeessssressncsonesonossesasasssarascrssosanssas 135

.1 Introductioneeasstasussensssnsessesssoassasacerssensssane - 135

2 Orographic factor, T/Cuieessesasasscssncaveveverescosorcns 137

.3 Storm intensity factor, Mececceacacnsnesasavossasaorsnses 140

b Computational equation for total PMPuisivesessesevesscoans 141

WDOAD WD WD WD
.

Generalized 1-, 6-, 24~ and 72-hr PMP MApPSesvesccrescccsses 144

. Duration ratio MapPSesssecessesncrarsssorassssasoassasssnnn 144
1.1 6"/24"'111' ratio MAP s s s s s s s v s s s b ra b s bt v osssssonsssunasnny 144
.1.2 1=/6-hr ratio MAPessssccsscesassssssassaserensorananars 145
.1.3 72=/24—NT TAt1O MAPwcesesasasacscnsnsrosansoranscssnans 146
. Computer computation of indeX PMP MAPS.scveesersensscenes 146

Final analysig of 10-mi? general-storm PMP MAPSeeeencenss 148
24-ht 10-mL° PMP DAPecessasasusasorcsosstsssntssoosssane 148
6=hr 10-mi2 PMP AP+ aevsvsnrsoonsnsnsosencesnaoassnness 149
1-hr 10-mi% PMP MADs s sessasscnsassonsorercsassnenansnos 150
72-Br 10-D12 PMP AP+ euveeeeeeresosossasasasenscsenosns 152

*

*
Lo L0 L0 L () B e e e

*

[ el R e T e R Sy e Sy

ol ate B e T o Y - I o e s Y S e
.

Fo L S R

*

11. Depth-area-duration relationS.eescvesscssrsssscsasccassasen 152
1.1 Introductionssssecrossesnsnanavensnscscasasnasanavansanes 152
11.2 Data N e e aN e AsANas NI areser e e nenasanan0n 152
11.3 Method eesveecensoroseevssssenenrsrsacssnssccansnsassanses 153
11.3.1 Topographic subdivisions.sseeisnsacvssrvencersesacacesns 153
11.3.2 River basin subregions..sesssseseaserarovaveerssosasasanns 153
11,3.3 DAD relationS.ecesasascansssneeesnssssssnsasasssssssone 155
11.3.3.1 Nonorographic subdivisions.seeseceacesccnsvesnnanonas 155
11.3.3.2 Minimum nonorographic subdivision..secevsveesesensens 155
11.3.3.3 Orographic subdivision...eeecoesasnsvenservnrenssssas 155
11.,3.3.4 Sheltered least orographic subdivision.esesesesssesas 162
11.3.3.5 Sheltered orographic subdivision.seesssessssrsrsnsoss 166
11.4 Comparison with major Storm datAeeessvesessnssssavenssnss 166
11.5 Conclusions omn DAD relationS.veeeecsescencccsscscesanannas 179
12, Local—storm PMPesssssvesnanensonssanansonensanassonsnnonsnos 179
12,1 Introductionsesenessnassnscssasasssassasnansnsarsnresansas 179
12,1.1 Local-storm definitiom.eeeeeacneseonsvensssssrsrsnsrsase 180
12.1.2 Meteorology of 1local SLOIMS.ceessssscacesenssacassannre 181
12.2 Record StOTMSeuesssessvsavsssnararosancsssonasosssananans 181
12.2,.1 Introductionsessseresnssscasssessacssasasasanaransnsans 181



.
QO I ahntn L P s B 00 Lo W WL BRI MN B RN N B
-

L] L ] -
L] »

L] L] L] - L] L] - L[] L] L]
L) - [ ] L] - . - -
BB N DN WwwwNMNN NN
" o« =
E= BN VI o ]

" & % = = s @ ®
.« - . » » . =
LV L ]

»

RN MR MR ROMMD NSRS E DR RN B R PR R M
[

L I e e R Tl el o T T Sy gy oo S S S R U S S S S ST

—
[#Y)
-

Page

Local SLOTMBessasnsvsnssscnrnsssssssnesancsnsnssssencsnss 184
Las Cruces, New Mexico = 8/29-30/35 (48)ceeescrencsnse 184
Masonville, Colorado = 9/10/38 (55)evsecanaennvavsnse 185
Golden, Colorado = 6/7/48 (67)ccsceceevonsonsenasnnsns 187
Horgan, Utah - 8/16/58-..----...o.o-oa-oulo---o-o..oo 190

Important non—10cal SLOIMSeuensccssncrssssocsssscsnnens 190
Virsylvia, (Cerro), New Mexico — 8/17/22 (35)eecccess 190
White Sands, New Mexico = 8/19/78 (82)eseesvccncesene 191
Big Tgompson Canyon, Colorado — 7/31/76 (81)vevecnase 193

I~hr l_mi PME approach.............-........-..---...... 193

Introduction.....-..........-.........-.........-.....- 183

Data L N N R R R Y A E R R R 193
Adjustment for durationsseccscssescssesencescosssosss 194
Adjustment for maximum MOIStUTEC.eesvessnsssossevesnes 194
Horizontal transpoSitionevevesccesssessesencscnnsnnsss 196
Adjus ment for elevation..--.-.-..........---........ 197

I~hr 1-mi“ local-storm PMP MaAPsssveccsassessosssessncnane 197

Introduction.----....2......-.-.....-........-.--....oo 197

Analysis 5f l-hr 1-mi“ local=storm PMP MaAPsecsessssesves 197

l1=hr 1-mi® PMP indeX MApS.csavsvsscscsscscsnannasssnsses 198

Durational Variation............-...o.o.o.o.............. 198

Data and analysis for PMP for longer than 1 breeceses.., 198

PMP for durations less than 1 Hreeecessssssccvesescencns 201

Depth—area relationeecicececacasrsrsrsvavavasnsasssassssose 201
Temporal distribution of incremental PMPiecececssssossoanes 201
Seasonal distributionesssevcccanrsessssvevncncsansnssvnes 204
Cﬂnsiﬂtency CheCkSooooa-o.oooa.oo-c--noo.o.octo..c.unlnno-o 205
Comparison with storm data.ceeseceervevssnsnsessssssseens 205
Comparison with individual-drainage PMP estimateS.iececee. 207
Comparison to other generalized PMP studies in the
CD-103 regioNecsvecsnssecessssscsusasansrnntssonssnenne 207
Comparison between local-storm and general-storm PMP..... 209
Comparison with NOAA Atlas 2 amouUnNtBececscsssranesssssosssn 210
Comparison with adjoining PMP studieBsisesecccscncescroncs 211
Conclusions from consistency checkSieecssssvessvsceacssas 212
Procedures for compulbing PMP..esessssssescscscscessvncncans 213
Stepwise procedure, general StOYMecessvosevevassarsnsnssn 213
Example of general—gtorm PMP computatlion.scesssesscsceces 214
Stepwigse procedure, 1ocal SLOTMseevesacccasssersscasssane 218
Future Btudies-...-.....-.-.-.......o........-.-.-........o 220
Seasonal Variation.......-.......-......-...............- 220
Permissible snowpack with PMP and snowmelt criterfidseese. 220
Individual-drainage estimates of PMPusssceasascossosccses 221
Temporal Variation...--..o.-......-.------............... 221
Antecedent rainfallec.cecsrsncsssosesesasasasasssssscsose 221
Summary.............-.-............-.-.-................. 222

vi



Acknowledgments..............-o-.-.-.......-.-o.o-...-........-.......

ReferenceSaascsssnssesansnsnnrssscansesaeasesssasnsncsnssnassasssennsastneesesn

Appendix A
Appendix B

Appendix C

Number

1.1

1.2

2.2
2.3
2.4
2.5
2.6
2.7
2.8
2f9
2.10

2.11

Generalized PMP studies for conterminuous United
States....................I....l.....l......l.l....'...
Storms important for estimates of PMP in CD~-103

region..l!lIlIC..UO...0-.-000.0......ll...l...l....l..l

Table of precipitable WAL s sssasssnsrassvansorsrbtssansns

LIST OF FIGORES

Regions of the conterminuous United States for which
PMP estimates are provided in indicated
Hydrometerological ReportSeescsrsssncsncscascsassenensnees

General topography of CD-103 region with track of over-
flights BHOWIle e s ssnesenansonsencsrsravrtts st bvobsasnbtssntss

Location of major storms that have occurred in and near the
CD_103 region.................l.l.OIIIOIOIIIII.....C..I..

Synoptic surface weather maps for June 4-8, 1906 - the
Warrick, MT storm (10).-uo---coonuooooaoc.-oaooaooooooo--

Isohyetal map for the Warrick, MT storm (10) for period
June 6-8‘ 1906..........-..C--..............l...ll.l.l...

Synoptic surface weather maps for June 2-6, 1921 - the
Penrose, CO storm (31)-.u-oi--ucuoo-o-oaoootcoo---..o.aoa

Isohyetal map and selected mass rainfall curves for
June 2"'6, 1921 - the Penrose, CO storm (31)-.-0.0.-...-.-

Synoptic surface weather maps for June 17-=21, 1921 - the
Springbrook, MT storm (32)00.00ooooooo-a-auouoo-on--o-oco

Ischyetal map for June 17-21, 1921 -~ the Springbrook, MT

storm (32).nontooocoo-o.o-c-cncoc.uooc-cooocoooo---o.co-u

Synoptic surface weather maps for September 27-
October 1, 1923 = the Savageton, WY storm (38)0-0-000-.-0

Ischyetal map for September 27-0October 1, 1923 - the
Savageton, WY storm (38)-ooa-a.ccooo-uc-cncoc-o-oooonoo.a

Synoptic surface weather maps for May 29-June 1, 1935 -
the Cherry Creek (47) -~ Hale (101), CO StOTMecsassssacons

Isohyetal map for the Cherry Creek (47) - Hale (101), CO
storm fOI‘ period May 30-31’ 1935'.-.0...lll..l.lll....ll.

vii

Page

222
223

227

228
241

Page

16
20
21
22
24
25
27
28
29
31

Y



Number Page

2.12 Synoptic surface weather maps and 500-mb charts for

June 6-7, 1964 - the Gihson Dam, MT storm (75)cesennnnnne 33
2.13 Synoptic surface weather maps and 500-wb charts for

June 8-9, 1964 - the Gibson Dam, MT storm (75).euveecensss 34
2.14 Isohyetal map for June 7-8, 1964 - the Gibson Dam, MT

Stom (75)...-'........I...l.....‘I...I...I....I..I..'... 35
2.15 Synoptic surface weather maps and 500-mb charts for

June 13-15, 1965 - the Plum Creek, €O storm (76).evsesess 37
2.16 Synoptic surface weather maps and 500-mb charts for

June 16_18, 1965 = the Plum Creek, CO Bltorm (76).0.-0.:.. 38
2,17 Synoptic surface weather maps and 500-mb charts for

June 19-20, 1965 - the Plum Creek, CO storm (76)v.eenanns. 39 -
2.18 Representative radiosonde observations for

June 15-16, 1965 = the Plum Creek, CO storm (76)cusesnvss 40
2.19 Igsohyetal map for June 16-17, 1965 - Plum Creek, CO

Stom (76) ..II...I..I........I..II...Il...l‘.'...'l..... 41
2.20 Synoptic surface weather maps and 500-mb charts for

May 4-5, 1969 - the Big Elk Meadow, CO storm (77)veeeeses 42
2.21 Synoptic surface weather maps and 500-mb charts for

May 6~8, 1969 - the Big Elk Meadow, CO storm (77)cesesss. 43
2,22 Isohyetal map for May 4-8, 1969 - the Big Elk Meadow, CO

Storm (77)'l.......-.l....I.‘II.......‘I...I..‘Il......'.. 4.5
2.23 Synoptic surface weather maps and 500-mb charts for July 31—

August 2, 1976 - the Big Thompson, €O storm (81)seveeene. 46
2,24 Isohyetal map of intense 4-hr precipitation for

July 31,1976 ~ the Big Thompson, CO storm (81)sseevrenans 48
2.25 Synoptic surface weather maps for August 29- _

September 1, 1942 - the Rancho Grande, NM storm (60)..... 49
2.26 Isohyetal map for August 29-September 1, 1942 -~ the Rancho

Grande’ NM Stom (60).I..I'........l.'l.l......!....l...l 50
2,27 Synoptic surface weather maps and 500-mb charts for

June 23-25, 1954 - the Vie Pierce, TX storm (112)cevsnsa. 51
2.28 Synoptic surface weather maps and 500-mb charts for

June 26-28, 1954 - the Vic Pierce, TX storm (112)..vv.aas 53

2.29 Isohyetal map for June 24~29, 1954 — the Vic Plerce, TX
Storm (112)....l...l.....l.l'..l............'..'.'....... 54

viii



Number Page

2.30  Schematic illustrating the storm classification system..... 37
2.31 Location of table 2.2 storms by StOIM tYDPeusesssaveoessrans 62
2.32 Tracks of tropical storms affecting the southern part of

CDFIOS region...........................................- 63
3.1 Study region showing line separating orographic and

nonorographic regions (orographic separation

line - OSL)co;.;o-ololoncooc.c-aloaoo-o.o-coaoaooooco-u-a 65
3.2 Approximate boundaries of terrain subdivisions used in

this Study...lD‘l‘..l.'.'.'.II-l......l.l...l‘.l..l.‘.l.. 66
3.3 Range of inflow wind directions for PMP type SCOTMessrssacss 67
3.4 Barrier/smoothed elevation map (in 1,000's of ft) for a

2° latitude band (38° to 40°N) through Coloradossesaccsss 68
4,1 Location of weather stations used to revise maximum

persisting 12-hr 1000-mb dew pointsS.essessrsvasacereroves 71
4,2 Seasonal persisting 12-hr dew—point curve for

Roswell, NM...I.-l.l.'..'I.‘..l.l.I.I.‘..l......-‘.l.‘.'. ?3
4.3 Regional smoothing and consistency checks for maximum

persisting 12—-hr 1000-mb dew points along the 103rd

meridian..I.I.'.I.l.l..l....-!.‘....O...l...l.l..'.'....‘ 75
4.4 Comparison of mid-July maximum persisting 12-hr 1000-mb dew

points from Climatic Atlas of the United States and

present Study.aesssscssssaseassssssreaossesornasassssronany 76
4,5 Maximum persisting 12~hr 1000-mb dew points (°F) for

January.I"-‘l.l.l.'l-l‘l.O.l...‘l..l...l.l‘...'.'..‘-‘.l ??
4.6 Maximum persisting 12-hr 1000-mb dew points (°F) for

February....l.lIl.l.'l'...‘-.l.O..lIl....l.'..-‘.....'.l. ?7
4,7 Maximum persisting 12-hr 1000-mb dew points (°F) for

March.l.l...'l‘....l.t........-.l..l.'.-.l.‘ll.ll.‘.l.'.l 78
4.8 Maximum persisting 12-hr 1000-mb dew points {°F) for

April..l..l....II.I.l.'....'.l....l...‘.‘l...l.'-.l.l‘... ?8
4.9 Maximum persisting 12-hr 1000-mb dew points (°F) for

Mayl‘....l.l‘lt‘l...l.-.l.‘..l.l.III.O........IC.‘.O...I. ?9

4.10 Maximum persisting 12-hr 1000-mb dew points {°F) Ffor

June. "B EEE R R T E T T E T E e O B B O B B B B B N B B AL N L B A & k00 79
4.11 Maximum persisting L2-hr 1000-mb dew points (°F)} for
July. R E R E R E R E EE I I I N IR IR IR R R B B IR R BB B B B L L LI 80

ix



Number Page

4.12 Maximum persisting 12~hr 1000-mb dew points (°F) for

Augustll.ol.o.vo....loooocllt'lol-c.ol.oao.o.ool..tolooio 80

4,13 Maximum persisting 12-hr 1000-mb dew points (°F) for

September.--o-.-..-.-a.-.a....-oo-a.-..o.a-.a-.o.--.-.-o. 81

4.14 Maximum persisting 12~hr 1000-mb dew points (°F) for

October.o.I...C.ll..l.l...Ill.0'!...ll.l........lll-..l!. 81

4,15 Maximum persisting 12-hr 1000-mb dew points (°F) for

November....-..-......................................... 82

4,16 Maximum persisting 12-hr 1000-mb dew points (°F) for

December.-.I....Il....l.....l...l...‘......I....-.I....II 82
5.1 Example of the selection of representative persisting

12-hr storm dew point for the Cherry Creek, CO storm {47)

Of May 30“31’ 1935'.!...'......l...l...ll.l........ll..'. 87
7.1 Schematic illustrating determination of LOFACA.«eceosenncs. 99
?02 Main flowchart for SSMoouno-ooo--oo--oo.tno-oot-a-o---oc.o. 104
?.3 Flowchart for modu].e 0’ SSM..I.....l.....l....ll...l....l.. 109
7-4 Flowchart for module 1’ SSM.III.......-..I..-I.O...!l....'l 110
?05 Flowchart for mﬂdule 2, SSM.....-...-.-..oc--oaoc-oaooo--oo 112
7.6 Flowchart for module 3, SSMO.!.I.....tononlootool..‘.llotoo 114
7.? Flowchart for module &, SSM..I...-.............'..-........ 119
?08 Documentation form for SSM, module 5".!.0.0.!.0.!.!..0.... 120
7.9 Completed module 5 documentation form for Gibson Dam, MT

storm (75) of June 6“8’ 1964..!...........l.-t.l..(l..ll- 123
3.1 Convective storm 1oCatiONSeesevseecrsnerssonnansnsssansoens 125
8.2 Limits of tropical storm Influenceissssssinecnrsnsosnssscnces 126
8.3 Trangposition limits for Gibson Dam, MT storm (75)

Of June 6_8, 1964.!...........I.-..GOOOI!.OOOOIOOC.I....I 127
8.4 Transposition limits for Cherry Creek, CO storm (47)

Of May 30_31’ 1935....I.l.....l.........I.....I....I.l... 128
8.5 Example of geographic distribution of points used in the

transposition of total storm precipitation and FAFP

for Colorado.....I..-.II....II....I.Il...Il.....l.....l.. 131



Number Page

8.6 Distance—-from—coast adjustment for tropical stormS...seacee 134
8.7 FAFP (in.) map for Colorado (10 mi 24 RI)eusiecesessocenes 136
9.1 Convergence l00-yr 24-hr rainfall (in.) for New Mexico

between the Continental Divide and the orographic

Separation line.‘D‘.t....I..-..'.l.‘ll.l.l.'.l..‘.‘.l.'.. 138
9.2 T/C analysis for a portion of Colorado (10 miZ 24 hrdeeeess 139
9.3 M factor analysis for Montana (10 m12 24 HT)eusosvenanancan 142
10.1 Example of percentage change in 1-hr 10-mi? general—-storm

PMP index map for current study relative to that given
in HMR No. 55 (1984), for Colorado. Considerable

smoothing applied to example over detailed analysis.s.... 151
1.1 Location of minimum nonorographlc subdivision and five

subregions in the CD-103 regionissiscsceseesesaceccrncrass 154
11.2 Schematic diagram of subdivision/subregion system used in

developing DAD relationNSeiessevesasesssessacssccnsancnnns 154
11,3 DAD relation, A nonorographic subunit....cevecvcrianassnsns 156
11.4 DAD relation, B to D nonorographic subunit.sseasscrevecanss 157
11.5 DAD relation, E nonorographic subunit.ssevacacesveccssanans 158
11.6 DAD relation, A minimum nonorographic subunit..sccececeesss 159
11.7 DAD relation, B to D minimum nonorographic subunit...ceecss 160
11.8 DAD relation, E minimum nonorographic subunite.esseseveress 161
11.9 DAD relation, A orographlc subulifesssesasccererasesnanrnce 163
11.10 DAD relation, E orographic subunitsicieassreevacacsorscascnns 164
11.11 DAD relation, C orographic subunlt.sescccesccncasscrnanraes 165
il.12 DAD relation, B orographilc subuniteseseveovscncnsrescsnness 167
11.13 DAD relation, D orographic subunit.cesiessssasasssrasscscss 168
11.14 DAD relation, A sheltered least orographic subunit.....e.e. 169
11.15 DAD relation, E sheltered least orographic subunit.esacesss 170
11.16 DAD relation, C sheltered least orographic subunit......... 171
11.17 DAD relation, B sheltered least orographic subunit......... 172

xi



Number Page

11.18 DAD relation, D sheltered least orographic subunit.eessvses 173
11.19 DAD relation, A sheltered orographic subunite.sceveessvanaes 174
11.20 DAD relation, E sheltered orographic subunit.seeeesvecsses. 175
11,21 DAD relation, C sheltered orographic BUbUNItesesovnsescnnas 176
11.22 DAD relation, B sheltered orographic subunitesseeessenennns 177
11.23 DAD relation, D sheltered orographic subunitesseeecesssnass 178
12.1 Synoptic gurface weather maps for August 29 and 30 1935, -
the Las Cruces, NM storm (48).Uil.o...t.itllol..lll...0. 185
12,2 Precipitation map, Masonville, €O storm (55) -
September 10, 1938..--.00-..-ucouc-a.-oo-oo-.-o-o--o.---. 186
12.3 Synoptic surface weather maps for September 10 and 11, 1938
= the MasoﬂVille, CO storm (55).o-o-o--oc-o-o.o-.o.uo-o- 187
12,4 Linearly interpolated synoptic surface weather map for
1800 GMT - September ll’ 1938....I...I.I...II...II'...I... 18?
12.5 Synoptic surface weather maps and 500-mb charts for June 6
and 7, 1948 - the Golden, C0 storm (67)..-0..-.0.0-..0... 188
12.6 Precipitation map, June 7, 1948 - the Golden, CO
storm (6?)-..0..-..0.--o.o--oo-.-oooo-otouc-ou----oco-oua-- 189
12.7 Synoptic surface weather maps and 500 mb charts for
August 16 and 17, 1958 - the Morgan, oT SLtOTMecsensswnnss 191
12.8 Precipitation map, Morgan, UT storm — August 16, 1958...... 192
12,9 Mass curve of rainfall for Agricultural College -~ the Las
Cmces, NH Btorm (48)'........II..II....I'...I...O..I...l 195
12.10 Depth-duration curve for 6-/1—11'[' ratio Of 1-35....-..-0.0.0 200

12.11 Depth-area data for the Golden, CO (67) local storm and
local-storm depth-area data from other regions compared
with adopted curve from HMR No. 49 and model thunderstorm
depth—area Telationecsueenssiarossteasorenncsnonsanessene 202

12,12 Depth~area relations adopted for local-storm PMP in the

CD—103 region............-............--.........-..-.-.. 203
14,1 Outline of the drainage for the Pecos River above Los

Esteros Dam, NM (2,479 miz) showing position of DAD

subdivision DOUNAAT . @8 eeensncnnensastscasssrnnsosnconsans 215

xii



Number

14,2

14.3

2.2
2.3
2.4
4.1
4.2

5.1

5.2
5.3

5.4

9.2

11.1

2.1

Page

Depth—duration curve for PMP estimates for Pecgs River

drainage above Los Esteros Dam, NM (2,479 mi“)i.eveeenens 217
Adjustment for elevation for local-storm PMP based on

procedures developed in the report and maximum

persisting lz_hr lOOO—mb dew point (F)...t.l....c.l.l.... 219

LIST OF TABLES

List of major storms of record considered in CD-103

Studyl.l..I..‘l.l.l.l.l.l.!..D‘..l.l‘l.l.l.'.l.l...‘...l. 1.2
Storms important to determination of PMP for the CD-103

KEgion.."..‘.i.l.C.‘......l.l.l...O..'.'I..l.l.l.‘...l.. 18
List of storms of record considered for CD-103 region by

Stom type.D‘l......‘....I.'.‘..l'.‘..l.l.l.l.l.....ll'.. 59
Dates of troplcal storms affecting southern portion of

CD_103 region-‘.‘.......lll.l.'.‘..l.".-l.l.'.l.l'..‘..ll 61
Stations used in revision of maximum persisting 12-hr

1000-mb dew—point ChartS.........-a.......-...-..--...... ?0
Persisting 12-hr dew points 2°F or more above existing

Criteria on date Of Occurrence..--.....-.a-.............. 74
Representative persisting 12-hr 1000-mb storm and maximum

dew points for important storms in and near study

regionll...I.‘..‘.I.l..-‘..l.l.ll.....D..‘.ll..“........ 85
Index to stations used to determine representative

persisting 12-hr 1000-mb storm dew polntS..csssacessenvann 86
In-place moisture maximization factors (percent) for

important storms in and near the CD-103 region.....ccev.e 89
Ten largest storm depths within CD~103 region for &-, 24-,

and 72-hr durations for 10, 1,000, and 10,000—11112 areas

- ohserved and moisture maximized in-place, ranked from

highest to lowest in each categOoT¥iseceseccocsnsrracacsss 91
Ratios of 6—/24~hr precipitation for major storms used

as guidance for M analysis.................-............. 141
Values of orographic influence parameter, K, relative to

variations in M and T/C.-tono'oc.a..-oc..-aov-oa.lo-o-aon 143
Major river basin subregions within the CD-103 region...... 154
Candidate local-storm list.icssessassvasntsscserasacscnsnunas 182

xiii



Number Page

12.2 Extreme local storms in CD=103 regiofNeceessesoenssssovscscs 183
12.3 In-place local-storm molsture maximizAtionS.cseececosvensess 196
12,4 Percent of l-hr local-storm PMP for selected durations for

6-/1-hr ratio Of 1.35.......I.I.._...II.C....II.I.....I... 200
12.5 Recommended chronological distribution of l-hr incremental

rainfall amounts for 6~hr 10cal—storm PMP veeseossovsanes 204
12,6 Recommended chronological distribution of 15-min

incremental rainfall amounts for l-hr local~storm PMP.... 204
12.7 Distribution of month of maximum l1-hr storm amounts for

recording gage stations..--..o....--.....-...-..........- 205
13.1 Comparisons between general- or local-storm PMP and observed

and moisture-maximized raipfall depths (in.) from selected

important storms for 10 mi L R N N N N N T Y Y N T 206
13.2 Comparison of ranges in general-storm PMP (in.) estimates

from Technical Paper No. 38 and the CD-103 stud¥eesvesess 208
13.3 Comparison of ranges in PMP estimates (in.) from the Upper

Rio Grande study and the CD-103 Study.....-.....-..-..... 208
13.4 Maximum and minimum ratios of 10-miZ PMP estimates (in.) to

100~yr precipitation—frequency point values (in.) at 1, 6,

and 24 hr...'.........‘.l......I.I......'........I.......‘ 210
13.5 Comparison between PMP values along the Continental Divide

from HMR No. SSA and HMR Ko. 43 or 49---.0..-:----0.0.... 212

xiv



PLATES
(Plates are provided in separate envelope)
Plate I t-hr 10-miZ PMP
Plate 1T 6-hr 10-m1Z PMP

Plate III  24=hr 10-mi® PMP

Plate IV 72-hr 10-miZ PMP
Plate V Regional limits for terrain classifications
Plate VI Local storm PMP

XV



PREFACE TO REVISED EDITION

Hydrometeorological Report (HMR) No. 55 was published in 1984. This report was
the first serious attempt to develop a PMP procedure for the highly orographic
reglon between the Continental Divide and the 103rd meridian (CD-103 region). It
superceded Technical Paper No. 38 (U.S., Weather Bureau 1960) west of the 105th
meridian, where only broad-scale effects of terrain were considered, and HMR
No. 51 {(Schreiner and Riedel 1978) between the 103rd and 105th meridians.

The procedure used in HMR No. 55 is highly complex involving a number of
subjective decisions based on meteorological experience and understanding. The
procedure for orographic intensification in HMR No. 55 represented new thinking
and was intended to provide a foundation for a technique that would be applicable
to other complex orographic regions. Some of the concepts have since been
adopted in NWS HYDRO 39 (Miller et al. 1984) and 41 (Fenn 1985), as well as HMR
No. 56 (Zurndorfer et al. 1986).

Since the release of HMR No. 55 in early 1984, considerable controversy has
developed regarding potentially high values in both general and local storm PMP
estimates at higher elevations. It 1is these higher elevation storms where
detailed observations and knowledge are lacking. In response to these concerns,
the National Weather Service and the Bureau of Reclamation authors reexamined
those parts of the study that might have influenced the results in these areas of
concern. A number of decisions were made in HMR No. 55 that controlled the level
of PMP estimates. Upon subsequent review, three areas were found where alternate
decisions could be made. 1In combination, these alternate decisions significantly
reduce the PMP estimates for small areas and short durations at higher
elevations. These changes have been incorporated into this revised report, to be
known as HMR No. 55A. Because some of the changes have resulted in significant
differences to the 1984 results, copies of HMR No. 55 should be discarded to
avoid confusion,

The following decisions were made:

L. To provide local-storm PMP estimates for the entire CD-103 region as
opposed to the three sheltered geographic zones given in HMR No. 535. 1In
HMR No. 55, we chose to restrict such estimates to the most sheltered
zones. It appears reasonable that local-storm estimates can be provided
throughout the region and allow the results to delineate the extent of
control between 1local and general storm. This has been done and is
discussed in chapter 12.

2. In HMR No. 55, the vertical moisture adjustment for local-storm PMP
transposition somewhat departed from past practice. Use of one-half the
liquid water variation observed in precipitable water tables (for a
saturated pseudo—adiabatic atmosphere) congiderably increased the
estimates of PMP at higher elevation. The authors have changed this
adjustment in HMR No. 55A to conform to previous studies that allow for
the full moisture adjustment presented by the change in precipitable
water with elevation,
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3. HMR No. 55 treated the variation of I= to 6-hr and 6- to 24-hr ratios in
general storms wilith elevation such that the ratios were either constant
or increasing with increasing elevation. In HMR No. 53A, the elevation
variation of these ratios is treated differently, particularly on the
most steep east-facing slopes of the Wind River and Big Horn range, and
along the Rocky Mountains near Pikes Peak and portions of the Sangre de
Cristo Mountains. For the most part the ratios drop off with increased
elevation throughout the steep slope reglon.

The combined effect of these changes is discussed in section 10.3.3, where it
is shown that general-storm reductions up to 40 percent are realized at some
locations. Somewhat lower reductions (10-25 percent) are obtained from the
local-storm procedure presented in section 12.4. Numerous other changes have
been made to the text to make the discussion compatible with the changes
mentioned above. Additional changes of a lesser nature have been included to
correct typographical errors and other features noted in HMR No. 55 since its
publication.

Because of user concern that this report be a stand-alone reference tool, the
text has been prepared to read as an original study report, and only limited
reference is made to differences from that presented in HMR No. 55. It 1is the
authors' sincere 1intent that these modifications result In a minimum
inconvenience in terms of their impact on design applications. The authors hope
that this report has been strengthened by having taken the time to make the
changes.

The reader is reminded that, as in the 1984 report, the results presented in
this study represent a reasonable use of available storm data and state—of~the-
art procedures. Knowledge of the many factors that influence the quantity of
precipitation to fall at any specific location 1s still incomplete. Much
research remains to be done in the area of orographic preciplitation processes.
As additional understanding develops, perhaps in the form of physical based
models, or additional storm data, some changes to the present study may become
necessary. While it is recognized there are some who consider these results to
be overly conservative or highly controversial, the authors believe they have
provided the best response to the definmition of PMP available for this regionm at
this time.
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PROBABLE MAXTMUM PRECIPITATION ESTIMATES —~ UNITED STATES BETWEEN
THE CONTINENTAL DIVIDE AND THE 103RD MERIDIAN
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ABSTRACT This study provides all-season general-storm probable
maximum precipitation (PMP) estimates for durations from 1 to
72 hr for the region between the Continental Divide and the
103rd meridian. For the nonorographic portions of eastern
Montana, Wyoming, North and South Dakota, Colorado, New Mexice
and western Texgs, estimates are available for area sizes from
10 to 20,000 mi“. For orographic regions of these states east
of the Continental Divide estimates are available for area
sizes from 10 to 5,000 mi<,

The study also provides estimates of local-storm PMP for the
region. These estimates cover duratigns from 15 min to & hr
and drainage areas between 1 and 500 mi“.

A step-by-step procedure for computing PMP is presented for
both the general- and local-storm criteria. An example has
been worked out for the general-storm criteria.

1. - INTRODUCTION
l.1 Background

Previously, generalized estimates of probable maximum precipitation (PMP)} have
been available for portions of the study region (United States between the
Continental Divide and the 103rd meridian) in Technical Paper No. 38 (U.S.
Weather Bureau 1960) and east of the 105th meridian in Hydrometeorological Report
No. 51 (Schreiner and Riedel 1978) and 52 (Hansen et al. 1982). Technical Paper
No. 38 (TP 38) applied to the region west of the 105th meridian but PMP values
were restricted to areas less than 400 miZ and to durations up to 24 hr.
Hydrometeorological Report No. 51 and 52 (HMR No. 51 and 52) provided PMP
estimates for the region east of the 105th meridian, except the zone between the
103rd and 105th meridian was stippled to indicate an area where estimates may be



deficient_because terrain influences were not evaluated. Areas as large as
20,000 mi? and durations up to 72 hr were covered in these reports.

Additionally, estimates of PMP for individual drainages between the Continental
Divide and the 103rd meridian have been prepared by the Natlonal Weather
Service (NWS) on occasions where the prevailing generalized reports were believed
to inadequately treat orographic influences., Throughout the United States,
including the present study, the NWS has prepared generalized studies of PMP as
requested by the Corps of Engineers (COE), the U.S. Bureau of Reclamation (USBR),
the Soil Conservation Service (SCS), and the Tennessee Valley Authority (TVA).

The concept of generalized PMP studies should not connote a level of detail any
less than that for the individual basin studies. The term generalized, in the
sense of its use here, is to describe a study that covers a broad region
involving numerous drainages. The primary advantages to generalized studies are
to be found in the consistency of development and between results when determined
for one dralnage versus another. One disadvantage is the time required. to
complete such studies, in many instances taking up to three years.

The increasing development of the CD-103 region has caused renewed interest in
the expansion of available water resources and in flood control. There is also
concern for the hydrologic adequacy of many existing structures, The need
existed, therefore, to review the estimates of precipitation potential for the
region between the Continental Divide and the 103rd meridian and to expand the
areas and durations covered in the previous study. The present study provides
criteria for estimating PMP for durations from 1 to 72 hr for storm areas from
10 to 20,000 mi“ in the eastern or nonorographic portion of this region and from
1 to 5,000 mi% in the more mountainous western portion.

In regions west of the Continental Divide, investigatioms have shown that PMP
for small areas and short durations are not likely to occur Iin a general storm.
The concept of a local storm has been used In western PMP studies to describe an
intense, small-area, short-duration isolated event. East of the 105th meridian,
previous studies have concluded that the general storm controls PMP for all
durations. Since no known local storms have exceeded general storms in the
east, 1t is assumed that the general storm includes sufficient convective bursts
to envelop all local storms in that region.

In Ehe present study, local-storm PMP has been defined for areas of 1 to
500 mi® and for durations of 15 min to 6 hr. Both local- and general-storm PMP
are provided for the entire region between the Continental Divide and the 103rd
meridian. It is incumbent upon the user to evaluate which storm type gives the
controlling PMP for a specific area, duration, and location.

1.2 Authorization

Authorization for the study was the result of agreements among the U.S. Army
Corps of Engineers, the U.S. Bureau of Reclamation, and the National Oceanic and
Atmospheric Administration's (NOAA) National Weather Service (NWS). Financing
was provided by the COE through their continuing Memorandum of Understanding with
the NWS and by the USBR under an Interagency Agreement with the NWS dated
September 11, 1980.



1.3 Study Region

The northern and southern boundaries of the region are the borders of the
United States with Canada and Mexico. HMR No. 51 provides generalized estimates
of PMP for durations and areas east of the 105th meridian. In much of the region
between the 103rd and 105th meridians, the PMP maps in HMR No. 51 were stippled
to indicate some degree of uncertainty that could be resolved only when the
region between the Continental Divide and the 105th meridian was studied. 1In the
present report, PMP criteria for this two-degree-wide region have been included
as a result of the present investigations, and the PMP estimates from this report
supersede the criteria given in HMR No. 51, The eastern boundary of the study
region 1is the 103rd meridian, while the western boundary 18 the Continental
Divide.

West of the Divide, PMP estimates can be determined from Hydrometeorological
Report WNo. 43, "Probable Maximum Precipitation Estimates, Northwest States”
(U.S. Weather Bureau 1966), hereafter referred to as HMR No. 43, from
Hydrometeorological Report No. 49, "Probable Maximum Precipitation Estimates,
Colorado River and Great Basin Drainages” (Hansen et al. 1977), hereafter
referred to as HMR No. 49, or from Hydrometeorological Report No. 36, "Interim
Report =—— Probable Maximum Precipitation in California” (U.8. Weather
Bureau 1961). Figure 1.1 shows the regions covered by the present report and the
other reports mentioned. See Appendix A for a description of the geographic
reglon and scope of each report.

The study region contains all or part of several major river basins. The
entire Yellowstone and Powder River basins are within the study region. Only
partially within this study region are the upper reaches of the Missourl, North
and South Platte, Arkansas, Canadian, Pecos River basins, and the Rio Grande
basin.

In summary, the study region extends from the Canadian to the Mexican borders
between the Continental Divide and the 103rd meridian. For convenience, the
study region will be referred to hereafter in this report as CD-103.

1.4 Method of Study

Procedures developed for PMP analysis must reflect the varied terrain effects
throughout the CD-103 region. Terraln varies from the relatively flat regions of
eastern Montana, Wyoming, Colorado, New Mexico, and western Texas to the
mountainous region that approaches the Continental Divide. It was necessary to
develop a procedure which would enable this diverse terrain to be analyzed in a
consigtent fashion. The adopted procedure is similar in basic development to
that used in other studies in the western United States. The procedure separates
total PMP 1into convergence and orographic components of precipitation. The
convergence portion of the major storms in the regilon is determined to enable the
estimation of convergence PMP throughout the regien.

It is necessary to increase the estimates of convergence PMP for variations in
orographic effects over the region to determine total PMP. In this report, an
orographic factor, T/C, is derived from 100~yr 24-=br maps of NOAA Atlas 2 (Miller
et al. 1973). BSince the strength of atmospherlec forces in the storm varies from
the most intense l=-, 2~, 3—, or 6-hr period through the end of the storm, an
intensity factor, M, was developed. This factor reduced the effect of orography
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Figure 1.1.—Regions of - the conterminous United States for which PMP estimates are provided in

indicated Hydrometeorological Reports. See Appendix A for description of geographical region covered
and scope of each report.



during the maximum 6-hr 2period of the maximum 24 hr of the storm. After
determination of the 10-mi“ 24-hr PMP, 6-/24- and 72-/24—hr ratio maps were used
to develop PMP values for the 10-mi% area for these other two key duratioms. A
l-hr 10-mi? general-storm PMP map was developed using a l-/6-hr ratio map. The
resulting 1-, 6=, 24-, and 72-hr 10-mi? PMP maps provide the key estimates of PMP
for the region, Depth—-area relations were developed to enable the user to
provide estimates for other area sizes. The depth-area relations are based upon
the depth~area characteristics of major storms in and near the region.

Local-storm  criteria were developed from woisture maximization and
transposition of major local-storm amounts throughout the study region. All
observed major local storms were transposed to a common 5,000-ft elevation.
Procedures are provided to adjust the PMP index values to_ other elevatrions.
Depth-area and depth~duration relations keyed to the l-mi I-hr PMP map at
5,000 ft are provided,

1.5 Definitions

All Season. The largest or smallest value of a meteorological variable without
regard to the time of the year it occurred. In this report, the largest PMP
estimate determined without regard to the time of the vear it may occur.

Among Storm. A storm characteristic determined when values of various parameters
may be determined from different storms. For example, a 6-/24~hr ratio, where
the 6-hr value is taken from a different storm than the 24-hr value.

Atmospheric Forces. The forces that result only from the pressure, temperature
and moisture gradients and their relative changes with time over a particular
location.

Basin Shape. The physical outline of the basin as determined from topographic
charte or field survey.

Dew Point. The temperature to which a given parcel of air must be cooled at
constant pressure and constant water-vapor content in order for saturation to
occur.

Effective Elevatiom. The elevation at a point determined. from a chart where
topographic contours have been smoothed to reflect the effect of terrain on the
precipitation process for a particular magnitude of storm. The actual elevation
at the point may be either higher or lower than the effective elevation.

Effective Storm Duration. The time period within which 90 percent of the total
storm precipitation occurs.

Generalized., When used as an adjective to modify names such as PMP or estimates
or charts, is to be taken in the sense of “comprehensive,” i.e., pertaining to
all things belonging to a group or category. Thus, a generalized PMP map for a
specific area and duration defines PMP for all points in the region; no location
is excluded.

General Storm. A storm event which usually produces precipiltation over areas in
excess of 500 miZ and durations longer than 6 hr and is associated with a major
synoptic weather feature.




Individualized. As applied to dralnage estimates, indicates studies for specific
drainages that {include considerations for possible local influences. In the
sense of applications to specific basins, 1t is commenly implied that information
obtained from a generalized study will be processed and result in specific
drainage~averaged values.

Local Storm. A storm event restricted in time and space. Precipitation rarely
exceedg 6 hr in duration and the area covered by precipitation is less than
500 mi“. Frequently local storms will last only 1 or 2 hr and precipitation will
occur over only 100 or 200 mis. Precipitation in local storms 1s considered
isolated from general-storm rainfall.

Module. A self-contained unit of a complex procedure.

Orographic Separation Lime (OSL). A line separating regions where there are
different orographic effects on precipitation. In one region, the nonorographic
region, the only factors producing precipitation are atmospheric forces. In
contrast, in the orographic region, precipitation results from a combination of
atmospheric forces and 1ifting of air by terrain.

Probable Maximum Precipitation (PMP). Theoretically the greatest depth of
precipitation for a given duration that is physically possible over a given size
storm area at a particular geographic location at a certaln time of the year.

Spatial Distribution. The geographle distribution of PMP for the storm area
according to a storm with an idealized pattern.

Storm Centered. A characteristic of a storm that is always determined in
relatfon to the maximum observed value in the storm as compared to the same
factor for some other duration and area of the storm. For example, a storm—
centered depth~area ratio relates the average depth over some specific 1sohvetal
area of the storm that encloses the center of the storm to the amount at the
storm center.

Temporal Distribution. The order in which incremental PMP amounts are arranged
within the PMP storm. The time distribution within the local storm period is
provided. The distribution of PMP values within the general storm is not
discussed. :

Total Storm Area and Total Storm Duration. The largest area size and longest
duration for which depth-area-duration data are available for major storm
rainfalls of record (sec. 2.2).

Within Storm. A storm characteristic determined when values of various
parameters are required to be from the same storm. For example, a 6-/24~hr ratio
where the values for each duration are always selected as the maximum values for
the particular duration in the same storm (see also Among Storm).

Several additional terms that are used only in chapter 7 are defined at the
beginning of that chapter.



1.6 Terrain Review

The region between the Continental Divide and the 103rd meridian is topograph-
ically one of the most complex regions in the conterminous United States. It is
a region of steep slopes, narrow enclosed valleys, and open plains. To gain a
greater understanding of this complex region, several of the study participants
undertook an aerial reconnaissance of the entire region. 0f particular
importance was the topography at the locations of some of the more significant
raingtorms that have occurred within the region: Gibson Dam, Warrick and
Springbrook, MT; Savageton, WY; Big Thompson, Cherry Creek, Plum Creek, and
Penrose, CO; and MeColleum Ranch, NM. This aerial survey took place on three
separate flights, and was conducted approximately 2,000-4,000 ft above the
terrain. Figure 1.2 shows a schematic of the flight paths. A vhotographic
record was made during these overflights. These photographs were referred to
during early stages of the study to aid in understanding relative terrain
influence.

1.7 Previous PMP Estimates for the CD-103 Region

The PMP values for this study are termed generalized or comprehensive
estimates,. By this it is meant isolines of PMP are given on index maps and
depth—area relations are provided allowing determination of average storm—
centered PMP for any drainage within the region. The present study has combined
the latest storm data and current knowledge of the precipitation process to
develop these estimates of PMP,. Results from Weather Bureau Technical Paper
No. 38 (U.S. Weather Bureau 1960), for the region between the Continental Divide
and the 105th meridian, and HMR No. 51, for the region between the 105th and
103rd meridians, have been superseded by the present study.

Through the years, the Hydrometeorological Branch has provided PMP estimates
for particular basins often referred to as individual drainage estimates. These
estimates were provided if generalized PMP studies were not available, or if
available generalized PMP estimates did not provide estimates for area sizes as
large as the drainage under investigation. Of the more recent individual studies
in the region considered in this report, only the one for the South Platte River,
Hydrometeorological Report No. 44, "Probable Maximum Preciplitation over South
Platte River, Colorado, and Minnesota River, Minnesota (Riedel et al. 1969) has
been published. 1In some situations, because of basin shape, unusual orographic
considerations, areal or spatial distribution developed for the individual basin
specific estimate, or other factors, the individual drainage estimate may take
precedence. However, the applicability of the individual drainage estimate must
be carefully evaluated on a case-by-case basis by a qualified hydrometeorologist,
as the need arises.

1.8 Application of HMR No. 52 to PMP from this Study

Hydrometeorological Report No. 52, "Application of Probahle  Maximum
Precipitation Estimates — United States East of the 105th Meridian" (HMR No. 52)
(Hansen et al. 1982), was completed as an aid "...in adapting or applying PMP
estimates from HMR No. 51 to a specific drainage.” The procedures in HMR No. 52
are intended for application to nonorographic generalized PMP estimates and were
done essentially independent of the base level PMP analyses. The present CD-103
study has introduced new delineations that 1imit the extent of nonorographic PMP
within the 103°-105° region. This delineation is represented by the orographic



Figure l1.2.——General topography of CD~103 region with track of overflights shown.



separation line (sec. 3.2.1 and fig. 3.1). Since the western limit to the
application of HMR No. 52, the 105th meridian, was set to be consistent with the
geographical 1imits of HMR No. 51, consideration was given here to the
reasonableness of changing the western limit to HMR No. 52.

The review led to the conclusion that a more appropriate western 1limit would be
the orographic separation line. HMR No. 52 should be applied to PMP estimates
from the present study between the 103rd meridian and the orographic separation
line. However, for those nonorographic reglons that 1lie west of the l0Sth
meridian, yet east of the orographic separation linme, notably in eastern Montana
and Wyoming, the application of HMR No. 52 procedures should be considered
tentative. Incomplete consideration was given to storms within this region to
permit use of HMR No. 52 procedures without additional study. Such study will be
a part of recommended future considerations discussed in chapter 15.

1.9 Organization of the Report

This report has been organized to provide a complete and logical progression
through the various concepts, procedures, or methodologies used to develop the
PMP estimates for the region. Sufficient background material is included in each
chapter to give an understanding of the material without reference to other
sources.,

An important factor, basic to the development of any PMP estimate, 1is an
understanding of the meteorology of major rain storms that have occurred in the
region. Chapter 2. provides this information. Major storms that have occurred in
and near the region are 1listed. A brief description is given of the weather
situvations and time and space distributions of the precipitation associated with
some of the more important storms. The review of major storms leads to a storm
classification system. This system differs from others that have been presented
in previous hydrometeorological studies in that it is directed solely toward
classifying storms on the basis of the primary causative factor for the
precipitation over the region.

Chapter 3 presents a discussion of the topography of the region. The slope,
elevation of the terrain, and intervening barriers to moist airflow are
congidered. The inflow directions of moist air in major storms discussed in
chapter 2 were used to develop a terrain classification system and prepare an
effective elevation and barrier map in chapter 3.

Moisture supply available for producing precipitation 1s among the more
important factors in development of PMP estimates. The maximum available
moisture within the region is discussed in chapter 4. Chapter 5 provides a
discussion of the moilsture that was available in the major storms that have
cccurred in and near the CD-103 region.

Chapter 6 provides an overview of the procedures used to develop the PMP
estimates of this report.

Precipitation in the CD-103 region 1s produced by a combination of both
orographic lifting and atmospheric forcing functions. In chapter 7, a procedure
is explained that uses a comparison of individual precipitation observations,



isohyetal analysis, evaluation of terrain, and evaluation of meteorological
factors to estimate the relative contribution of atmospheric forces and terrain
influences on precipitation in individual storms.

The traditional approach to developing PMP estimates is to maximize observed
precipitation amounts for moisture and transpose these maximized values to other
locations. The traditional approach to moisture maximization and transposition,
as well as some modifications to these procedures, are discussed inm chapter 8.
Several different approaches were examined, each of which has advantages and
disadvantages. These approaches were developed to extend the usefulness of the
maximization and transposition procedure in orographic regions.

The basic procedure provides estimates of the amount of precipitation that
results from free atmospheric forcing effects. These amounts were transposed
throughout the CD=-103 region. The amount of intensification that would occur at
various locations as the result of terrain 1ifting was then estimated. The
method of evaluating this orographic contribution and how it should be used to
modify the convergence PMP is the subject of chapter 9.

An explanation of the development of the general-storm PMP index maps is given
in chapter 10. Primary focus was given to 24-hr 10-mi precipitation amounts,
since station daily rainfall observations are most plentiful and modified
transposition techniques can be developed with the greatest reliability for such
small areas. Estimates were also developed for 1-, 6-, and 72~hr durations for
the 10-mi“ area.

To provide estimates for the range of area sizes and durations needed for this
report, depth—area and depth—duration relations are required. Development of the
depth—area relations 1is discussed in chapter 1l. These procgdures provide PMP
estimates for 1, 6, 24, and 72 hr for area sizes to 20,000 mi“* in nonorographic
portions and 5,000 mi“ in the orographic portions. These can be used to prepare
depth=duration curves for any area size within the limits of the report.

The intermountain region between a generalized crestline of the Sierra Nevada
and Cascade Mountains and the Continental Divide is relatively isolated from
major moisture sources. Large precipitation amounts for very small areas and
short durations in this. region do not result from general storms. Within this
region a local convective event, isolated in time and space, produces the maximum
precipitation amount for these short durations and small areas. Chapter 12
discusses the development of the local«storm criteria.

The consistency and reliability of PMP estimates for various durations and area
sizes are discussed In chapter 13. General comparisons are made with previous
individual drainage estimates and generalized estimates within the reglion
previously prepared by NWS. Comparisons are made with some major storm rainfall
amounts. A final comparison is made with 100-yr return period values from NOAA
Atlas 2 (Miller et al. 1973).

Chapter 14 focuses on the procedures for computing PMP for specific
drainages. This chapter summarizes procedures developed and discussed in the
earlier chapters of the report.

Chapter 15 provides some concluding remarks and suggestions for . future

studies. Particular attention is focused on studies which are needed to enhance
the usefulness of the estimates developed in this and other PMP reports.
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2. METEOROLOGY OF MAJOR STORMS IN THE CD-103 RECION
2.1 Introduction

The basic requirement for any study of the upper limits of precipitation within
2 region 1s the review of the major storms that have occurred in and near the
study area. In a region so geographically extensive and so topographically
diverse as the CD-103, the causes of major rainstorms have been many and
varied. In the southern part of the region some of the major storms of record
are a rtesult of tropical storms that have crossed the Texas Gulf Coast and moved
northwestward before recurving eastward. In Montana, the major storms are
extratropical cyclones. Important throughout the region are extratroplcal storms
that have embedded large convective cells, especially for small area sizes and
short durations. 1In this study, we have made meteorological analyses of all of
these various storm types to galn a more complete understanding of the
meteorology of major rainstorms within the CD-103 region. This chapter describes
a number of these storms to provide a basic knowledge of the causes of major
storms in the CD=-103 region.

2.2 Major Storms of Record

A survey was made of all the major storms that have occurred in and near the
CD-103 region. The 82 major storms that occurred in this region are listed in
chronological order in table 2.1. Location of the greatest rainfall amount from
each of these storms 1s indicated in figure 2.1. The table provides an
identifying storm number, name of location where the storm center occurred, date
of occurrence, assignment number from the agency conducting the storm study (COE,
USBR, and Atmospheric Environment Service of Canada), and the latitude and
longitude of the center of rainfall. The storm identification numbers given in
table 2.1 will be used throughout this report to identify the individual storms.

Table 2.1 also provides a chronological list of 35 additional major storms
(supplemental storms, numbers 83-117) that occurred in the region just to the
east of the CD-103 region (to 99°W). Locations of the rainfall centers of these
storms are also plotted in figure 2.1, Some of these major storms are important
to the estimation of PMP within the CD-103 region,

For most of these storms, depth—area-duration (DAD) data are available from
Storm Rainfall in the United States (U.S. Corps of Engineers 1945- } or
reviewed and approved by Bureau of Reclamation storm studies. An exception 1s
the Gibson Dam storm, where a detailed reanalysis of isohyetal maps by the Bureau
of Reclamation gave us the DAD data used in this study from a preliminary
analysis. Complete storm studies are not available for those storms in which a
dash appears under the heading Assignment Number in Table 2.1, where as a rule,
the storms are for short durations (Virsylvia, Las Cruces, etc.).

It is apparent from examination of figure 2.1 that for large portions of the
CD~103 region there are no major storms in the data base. The state of Wyomlng
iz one such large region. Lack of sufficient storm data has always been a
problem for most PMP studies and especially for arid and mountainous regions.
One method employed in past hydrometeorological studies to resolve this
deficiency is transposition of storms from other locations, i.e., assuming that
the precipitation amounts that have occurred in another location could occur in
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Table 2.1.——List of major storms of record considered in CD—103 study

Storm Storm Agsignment Latitude Longitude
Number Name Date No.” *) () °) (")
Continental Divide-103° 00!
1. Ward Distriet, CO 5/29-31/94 MR 6-14 40 04 105 32
2. Adel, MT 6/29-7/1/98 MR 5-9 47 00 111 40
3. Big Timber, MT 4/22=24/00 MR 5-10 45 S0 109 57
4, Canyon Ferry, MT 5/11-13/00 MR 5-11 46 38 111 42
5. Kipp, MT 5/19-20/02 MR 5-12 48 30 112 45
6. Boxelder, CO 5/1-3/04 MR 4=6 40 59 105 11
7e Spearfish, SD 6/2=-5/04 MR 4-8 44 29 103 47
8. Roclada, NM 9/26-30/04 SW 1=6 35 52 105 20
9, FElk, WM 7/21-25/05 GM 3-13 32 56 105 17
10. Warrick, MT 6/6-8/06 MR 5=13 48 04 109 39
11, Fort Meade, SD 6/12=13/07 MR 4-10 44 35 103 20
12. Choteau, MT 6/21-23/07 MR 5-14 47 49 112 10
13, Evans, MT 6/3-6/08 MR 5-15 47 11 111 08
14, Norrig, MT 5/22-24/09 - 45 35 111 41
15. Half Moon Pass, MT 6/7=-8/10 MR 5-17 46 39 109 18
16, Knobles Ranch, MT 9/3-6/11 MR 5-18 48 55 111 33
17. Bowen, MT 10/10-11/11 - 45 45 113 27
18. Arnegard, ND 4/11-14/12 MR 5-19 47 50 103 25
19, Fort Union, NM 6/6-12/13 SW 1-14 35 56 105 0O5
20. Clayton, NM 4/29-5/2/14 SW 1-16 36 20 103 06
21, Malta, MT 6/12-14/14 MR 5-20 48 21 107 53
22. Adel, MT 6/1~5/15 MR 5-~21 47 00 111 40
23. Tajique, NM 7/19-28/15 sw 1-18 34 46 106 20
24, Sun River Canyon, MT 6/19=-22/16 R6-1-8 47 37 112 45
25.  Lakewood, NM 8/7-8/16 SW 1-20 32 138 104 21
26. Pine Grove, MT 7/14-15/18 MR 5-23 46 50 109 05
27. Meek, NM 9/15-17/19 GM 5~15B 33 41 105 11
28, Browning, MT 9/27-28/19 MR 5=24 48 34 113 01
29.  Vale, SD 5/9-12/20 MR 4=17 44 37 103 24
30. Fry's Ranch, CO 6/14-16/21 MR 4-19 40 43 105 43
31. Penrose, CO 6/2-6/21 SW 1-23 g 27 105 04
32.  Springbrook, MT 6/17-21/21 MR 4=21 47 18 105 35
33. Denver, CO 8/17-25/21 R4-1-8A 39 45 105 01
34. Grover, CO 7/27-8/3/22 R4-1-9 39 45 105 32
as. Virgsylvia, NM (Cerro) 8/17/22 - 36 47 105 38
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Table 2.1.—List of major

storms of record considered in CD~103 study (continued)

Storm Storm Assignment Latitude Longltude
Number Name Date No.* (°y (V) ()Y (")
Continental Divide-103° 00'
36.  Hays, MT 6/16-21/23 MR 5-25 48 02 108 43
37. Sheridan, WY 7/22-26/23 MR 4-=22 44 55 106 55
38. Savageton, WY 9/27-10/1/23 MR 4-23 43 52 105 47
39. Sentinel Butte, ND 5/29-30/29 MR 4-27 46 57 103 49
40, Beach, ND 6/6=7/29 MR 4-28 46 57 104 00
41. Cheesman, CO 7/19+24/29 R4=1=15 39 13 105 17
42. Valmora, NM 8/6-11/29 Sw 2-27 35 49 104 56
43, Gallinas Plt. St., NM 9/20-23/29 SW 2-28 35 09 105 39
44, Porter, NM 10/9-12/30 SW 2-6 35 12 103 17
45, Westcliffe, CO 4/19-22/33 R4=-1-18 38 08 105 28
46. Kassler, CO 9/9-11/33 R7=1-254A 39 30 105 06
47. Cherrty Creek, CO 5/30-31/35 MR 3-28A 39 13 104 32
48, Las Cruces, NM B/29-30/35 - 32 19 106 47
49, Ragland, NM 5/26-30/37 GM 5=17 34 49 103 44
50. Circle, MT 6/11-13/37 MR 5-29 47 30 105 34
51. Leadville, CO 7/27/37 - 39 15 106 18
52. Big Timber, MT 5/17-20/38 MR 5-6 45 50 109 57
53. Loveland, CO 8/30-9/4/38 MR 5-8 40 23 105 04
54, Waterdale, CO 8/31-9/4/38 R4=1-23 40 25 105 12
55. Masonville, CO 9/10/38 - 40 26 105 13
56. Prairieview, NM 5/20-25/41 GM 5~18 i3 07 103 12
57 Campbell Farm Camp, MT 9/6-8/41 MR 6-20 45 25 107 55
58. McColleum Ranch, NM 9/20~-23/41 M 5-19 32 10 104 44
59. Tularosa, NM 9/27-29/41 SW 3-1 33 04 106 02
60. Rancho Grande, NM 8/29-9/1/42 SW 2-29 34 56 105 06
6l. Dooley, MT 3/13-17/43 MR 6-11 48 353 104 23
62. Colony, WY 6/2=5/44 R6=1-23 44 56 104 12
63. Dovetall, MT 6/14=18/44 R6-1-24 47 21 108 12
64. Gering, NE 6/17-18/47 MR 7~16 41 49 103 41
65. Plentywood, MT 8/10-13/47 R6~-2-2 48 45 104 25
66, Fort Collins, CO 5/30/48 MR 7-18 40 35 135 05
67. Golden, CO 6/7/48 MR 7-19 39 44 105 14
68. Dupuyer, MT 6/16~17/48 - 48 12 112 30
69, Prospect Valley, CO 6/12-14/49  R7-2-5 40 05 104 26
70. Marsland, NE 7/27-28/51 MR 10-7 42 36 103 06
71. Belt, MT 6/1-4/53 - 47 25 110 50
72, Buffalo Gap, Sask. 5/30/61 SASK=5-61 49 06 185 18
73. Lafleche, Sask. 6/12-13/62 SASK-6-62 49 30 106 35
74, Bracken, Sask. 7/13-14/62 SASK-7-62 49 10 108 10
75+  Gibson Dam, MT 6/6-8/64 - 48 32 113 33
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Table 2.1.--List of major storms of record considered in CD~103 study (contimued)

Storm Storm Assignment Latitude Longitude
Number Name Date No.* )Y (M M

Continental Divide-~103° 00’

76. Plum Creek, CO 6/13-20/65 - 39 05 104 20
77.  Big Elk Meadow, CO 5/4-8/69 - 40 16 105 25
78.  Rapid City, SD 6/9/72 - 44 12 103 31
79. Broomfield, CO 5/5-6/73 - 39 55 105 06
80. Wheatridge, CO 7/16/75 - 39 48 105 03
8l. Big Thompson, CO 7/31-8/1/76 - 40 25 105 26
82. White Sands, NM 8/19/78 - 32 47 106 11

Supplemental storms (103°00'-99°0Q')

83. Springfield, CO 4/4=5/00 - 37 24 102 37
84, Wakeeney, KS 9/20~24/02 MR 1-8 39 01 99 53
85. Knickerbocker, TX 8/4-6/06 GM 3-14 31 17 100 48
86. May Valley, CO 10/18~19/08 SW 2-23 38 03 102 38
87. Knickerbocker, TX 12/8-10/11 - 31 17 100 38
88. Hazelton, ND 6/25-28/14 MR 4-14A 46 29 100 17
a9, Onida, SD 2/12-14/15 - 44 42 100 04
90. Woodward, OK 9/29-10/2/23 MR 3-1B 36 30 99 25
91. Eagle Pass, TX 5/27-29/25 GM 4-21 28 43 100 30
92, Belvidere, SD 5/5-9/27 MR 4-25 43 50 101 16
93. Berthold Agency, ND 7/5-8/28 UMV 1-18 48 20 101 46
94,  Wakeeney, KS 7/28-30/28 MR 3-18 3¢ 01 99 53
95, Hollis, OK 3/26-28/29 - 34 38 99 55
96. Tribune, KS _ 6/2-6/32 SW 2=-74 38 28 101 46
97. Mountain Home, TX 6/30-7/2/32 M 5-1 30 10 99 21
98, Abilene, TX 9/5-7/32 GM 5-16B 32 26 99 41
99, Stratton, NE 9/11-12/33 R7-1-25R 40 08 101 13
100. Cheyenne, 0K 4/3«4 /34 SW 2-11 35 37 99 40
101. Hale, CO 5/30-31/35 ° 39 3¢ 102 08
102, Segovia, TX 6/10-15/35 GM 5=2 30 22 99 38
103. Tilston, Man. 6/29-7/1/35 MAN-6-35 49 23 101 19
104,  Ballinger, TX 9/2-7/35 GM 5-3 31 46 99 57
105. Broome, TX 9/14-18/36 GM 5-7 31 47 100 50
106, Sharon Springs, K§ 5/30-31/38 MR 3-29 38 54 101 45
107. Eldorado, TX 7/19-25/38 GM 5-10 30 46 100 44
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Table 2.l.—~List of major storms of record congidered in CD-103 study (contimmed)

Storm Storm Assignment Latitude Longitude
Number Name Date No.* ) ()Y () (")

103°00" - 99°00"'

108. Saoyder, TX 6/19-20/39 - 32 44 100 55
109, Kaanton, OK 4/17-21/42  SW 3-6 36 55 102 58
110, Brewster, NE 10/3-5/46 SW 3-2 41 57 99 52
111, Del Rio, TX 6/23-24/48 - 29 22 100 37
112, Vic Pierce, TX 6/23=28/54  SW 3=22 30 22 101 23
113. 3Brandon, Man. 6/15-62 - 49 20 100 50
114, Glen Ullin, ND 6/24/66 - 47 21 101 19
115, Sombreretillo, Mex. 9/19-24/67 SW 3-24 26 18 99. 55
116. Medina, TX 8/1-4/78 - 29 55 99 21
117.  Albany, TX 8/1-4/78 - 32 45 99 20

* Agsipgnment No's MR X-XX, GM X-XX, SW X-XX, and NP X-XX indicate formal storm
studies completed by the U.S8. Army Corps of Engineers, RX-X-XX 1indicates
formal studies completed by Bureau of Reclamation, and SASK-X-XX indicates
studies done by the Hydrometeorological Services Section, Atmospberic
Environment Service, Canadian Department of the Environment. Where no number
appears, the storm was studied by the Hydrometeorological Branch, National
Weather Service as part of this or other bydrometeorological investigations.

® This center 1is part of the Cherry Creek, CO storm (47) and was contained in
MR 3-28A. For the purposes of this study a separate analysis was made (see

Appendix).

the region for which there 1is limited data. Justification for such transposition
18 based on the existence of meteorological homogenelty of storm conditions
between the actual and transposed locations. Homogeneity implies that the storm
mechanisms that operate in the regions of storm occurrence are comparable to the
storm mechanismg that ocecur throughout the portions of the region where there is
a pauclty of large storm rainfall amounts. Further discussion of storm
transposition is given in chapter 8.

2.3 Important Storms

From the list of major storms in table 2.1, a preliminary selection was made of
the storms believed to be most important for the purpose of estimating PMP within
the CD-103 region. The selection was based on the examination of DAD data and
storm location, as well as from experience gained in previous studies. Forty-
three storms were selected as 1important storms to consider when determining
PMP over the CD=103 region. These storms are listed in table 2.2 and depth—~area-
duration data for most of the general storms in this 1ist are given Iin
Appendix B. The other storms were studied less intensively, primarily to define
the regions of meteorological homogeneity. These storms are of lesser importance
in determining the controlling level of PMP in the study region. The storm
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Figure 2.1.~-Location of major storms that have occurred
in and near the CD-103 region.
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numbers used in table 2.2 are the same as those in table 2.1, and are therefore
not sequential.

Table 2.2 provides the name of a city or town nearest the storm center, date of
the storm, latitude and longitude, elevation, and 1,000-—mi2 24=hr and 10-mi? 6-hr
observed precipitation amounts. Precipitation values are given to provide some
indication of the magnitude of the storm selected. For a few storms, no data are
available for these specific area sizes and durations. Dashes are shown in the
table for these storms. The elevations given in table 2.2 are not actual
elevations at the location of the storm center, but are read from the
barrier/effective elevation analysis {(chapt. 3). When a barrier occcurs upwind of
the storm location, it 1s unoted in table 2.2 by the letter "B" after the
elevation,

2.4 Meteorological Analyses of Storms

The storms within this region can be grouped into two separate categories:
(1) those associated with extratropical cyclones or extratropical convective
activity and (2) those that are either the direct result of tropical cyclones or
have as a primary moisture source the remnants of tropical cyclones that have
crossed the Texas coast. In this section, the weather situation associated with
some of the more important general storms will be discussed. The meteorological
analyses of these and other major storms form the basis for the storm
classification system described in section 2.5. The meteorological situations
associated with local storms is discussed in Chapter 12.

2.4.1 Extratropical Storms

There are nine extratropical storms that are considered most important in the
development of the PMP for the CD-103 region. The meteorological situation
assoclated with each of these storms 1is discussed in this section.

2,4.1.1 Warrick, Montama - June 6-8, 1906 (10). During the period
June 6-8, 1906, extensive rainfall occurred over most of Montana and western
North Dakota, causing flooding with extensive damage to agricultural interests.
At Warrick, MT (48° 04'N, 109° 39'W, elevation 4700), a total of 13.3 in. of rain
was recorded during a 54-hr period beginning at 1:00 a.m. on June 6, and ending
at 7:00 a.m. on June 8. On the morning of June 7, the heaviest rainfall
occurred, 5.3 in. in a 6-hr period. Synoptic weather charts for 0600 MST (all
times referred to in this report will be Mountain Standard Time) for the period
June 4-8, 1906, are shown in figure 2,2, On the morning of June 4, a weak low
pressure system was centered in western Canada, just north of Montana. A cold
front extended southward through the United States toward the southern part of
Nevada. As this Canadian low pressure system continued to move eastward, a weak
Low formed on the Nevada-Utah border. This Low moved northeastward to east—
central Montana. By the morning of June 6 it had split, and one Low was located
over the Canada-Montana border at about 105°W, and a second Low was over the
Wyoming-South Dakota border in the vicinity of Rapid City. A warm front extended
almost due eastward from this second Low toward the Great Lakes. The cold front
from that Low extended south and then southwestward through Nebraska, eastern
Colorado, central New Mexico, into Arizona. General rains fell north of the warm
front and extended westward from -the Low well past the Continental Divide. Ahead
of the cold front, southerly flow brought warm moist air from the Gulf of Mexico
up through the Midwest and into the northern tier of states, This warm moist air
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Table 2.2.--Storms important to determination of PMP for the CD-103 region

Storm Lat. Long. Elev.# 1000 mi2 10 mi2
Number Name Date ¢y ¢y m (ft) 24 hr 6 hr
l.  Ward District, CO 5/29-31/94 40 04 105 32 9600 4.6 1.7
6. Boxelder, CO 5/1-3/04 40 59 105 11 7000 3.4 2.1
8. Rociada, NM 9/26-30/04 35 52 105 20 7700 5.4 3.8
16.  Warrick, MT 6/6-8/06 48 04 109 39 4700 6.7 6.0
13. Evans, MT 6/3-6/08 47 11 111 08 5000 B 5.3 1.9
86. May Valley, CO 10/18-19/08 38 03 102 38 3800 5.9 4.2
20." Clayton, NM 4/29-5/2/14 36 20 103 06 4800 7.9 5.3
23.  Tajique, NM 7/19-28/15 34 46 106 20 7500 4.1 4.6
25, Lakewood, NM 8/7-8/16 32 38 104 21 3600 5.2 4.8
27. Meek, NM 9/15-17/19 33 41 105 11 6700 5.0 3.8
30. Fry's Rch., CO 4/14-16/21 40 43 105 43 8000 4.8 2.2
31. Penrose, CO 6/2-6/21 38 27 105 04 5800 7.8 10.4
3z, Springbrook, MT 6/17=-21/21 47 18 105 35 2900 11.3 10.5
35. Virsylvia, NM 8/17/22 36 47 105 38 8800 B - -
(Cerro)
38, Savageton, WY 9/27-10/1/23 43 52 105 47 5100 6.6 6.0
44, Porter, NM 10/9-12/30 35 12 103 17 4100 7.2 5.7
46, Kassler, CO 9/9-11/33 39 30 105 06 5900 3.3 3.9
47, Cherry Creek, CO 5/30-31/35 39 13 104 32 6900 7.2 20,6
10l.  Hale, €O 5/30-31/35 39 36 102 08 4000 7.2 16,5
48, Las Cruces, NM 8/29-30/35 32 19 106 47 4000 =* - 7.4
105. Broome, TX 9/14-18/36 31 47 100 50 2400 13.8 16.0
53, Loveland, CO 8/30-9/4/38 40 23 105 04 5000 3.1 6.4
55, Masonville, CO 9/10/38 40 26 105 13 6000 * - -
108, Snyder, TX 6/19-20/39 32 44 100 55 2400 - 18.8
56. Prairieview, NM. 5/20~25/41 33 07 103 12 4000 4,9 3.8
58. McColleum Rch., NM 9/20-23/41 32 10 104 44 5800 6.3 10,1
60.  Rancho Grande, NM 8/29-9/1/42 34 56 105 06 5700 6.8 3.2
66. Ft. Collins, CO 5/30/48 40 35 105 05 5000 - 7.8
67. Golden, CO 6/7/48 39 44 105 14 6000 * - -
68. Dupuyer, MT 6/16-17/48 48 12 112 30 4200 5.6 bob
111. Del Rio, TX 6/23-24/48 29 22 1060 37 1100 17.9 13.2
71. Belt, MT 6/1-4/53 47 25 110 50 4100 5.4 -
112, Vic Pierce, TX 6/23-28/54 30 22 1101 23 2200 18.4 16.0
72. Buffalo Gap, Sask. 5/30/61 49 06 105 18 2900 - -
75, Gibson Dam, MT 6/6-8/64 48 32 113 133 7500 B 12.3 6.0
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Table 2.2~-Storms important to determination of PMP for the CD-103 region
(continued)

Storm Lat.  Long. Elev.# 1000 mi2 10 mi?

Number Name Date 2y (") () (ft) 24 hr 6 hr
76. Plum Creek, CO 6/13-20/65 39 05 104 20 6700 9.5 11.5
114, Glen Ullin, ND 6/24/66 47 21 101 19 2000 - 11.1
77.  Big Elk Meadow, CO 5/4-8/69 40 16 105 25 8000 5.5 4.0
78. Rapid City, SD 6/9/72 44 12 103 3 4800 - - -
79. Broomfield, CO 5/5-6/73 39 55 105 06 5700 4,7 2.9
8l1. Big Thompson, CO 7/31-8/1/76 40 25 105 26 8300 B - -
82. White Sands, NM  8/19/78 32 47 106 11 4600 B - -
116. Medina, TX 8/1-4/78 29 55 99 2] 1800 15.0 17,0

# Elevation is from smoothed barrier/effective elevation analysils.
"B" indicates barrier elevation.
* Local storm elevation to nearest 100 ft.

was then pulled counterclockwise around the two low centers and westward into
North Dakota and Montana. As the warm alr moved northward, northwestward, and
then westward around the Lows, it was forced over the cooler alr mass already
present in the regiom north of the low centers. This forced lifting of the warm
molst air resulted In precipitation starting on June 6 in North Dakota and
Montana.

During the next 24 hr, the two low centers appeared to merge and deepen and the
storm increased in Iintensity. The single low center remained almost stationary
over western North Dakota, occluding as the cold front continued its eastward
movement into Wisconsin, Tllinois, and Missouri. The intensity of the Low caused
high winds and strong convergence, as well as heavy precipitation over .the
region. During this time, winds at several locations in Montana and North Dakota
exceeded 40 mph and rainfall at Warrick, MT reached its greatest intensity. Air
flow was from the northeast to the northwest in the vicinity of the rainfall
center during the time of maximum rain.

By the morning of June 8, the Low began to weaken and started drifting toward
the northeast, which brought a dry northwesterly flow from Canada into Montana.
The cold front continued its eastward movement, resulting in an occluded front
that stretched into east central Canada. Showers occurred along this front.
Raginfall in Montana generally ceased by late morning of the 8th.

The isohyetal map for the storm is given in figure 2.3. This map shows that
rain fell primarily in the plains areas of eastern and northern Montana.
However, the maximum rainfall occurred at Warrick and fell around an isolated
orographic feature, the Bear Paw Mountains. These mountains rise about 1,500 ft
above the surrounding terrain. Although rainfall was significant {(greater than
2 in,) throughout northeastern Montana, the rainfall at Warrick greatly exceeded
other recorded amounts. This suggests that the Warrick center was a result of a
local orographic influence upon thunderstorms embedded within the general-storm
rainfall., This suggestion is reinforced by a rapid decrease in rainfall amounts
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June 7 Surface 0600 MST June 8 Surface 0600 MST
Figure 2.2. Synoptic surface weather maps for June 4-8, 1906
— the Warrick, MT storm (10).

Note: On this and subsequent figures showing weather
patterns the location of the storm center is indicated
by a star.
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Figure 2.,3.-~Igohyetal map for the Warrick, MI storm (10) for period
June 6—-8, 1906.

away from the Warrick center. With strong northerly winds, the rainfall center
at Warrick was at least partially the result of spillover rainfall. The observed
rainfall center was on the southward-facing slopes of the mountains. With
northerly winds, the orographic influences in this storm could undoubtedly have
produced greater rainfall amounts on the northward-facing slope, though the
observation network in 1906 was too sparse to confirm this idea.

2.4.1.2 Penrose, Colorado - June 2-6, 1921 (31). The Penrose, CO storm was a
very extenslive storm occurring in parts of five states. Total duration of the
storm was 114 hr taking into consideration rainfall which oceurred over an area
of approximately 140,000 mi“, It did not rain over the entire area concurrently;
rather, there were several rainfall centers located within the five state area.
The Penrose center, which was the largest, recorded 12 in, in an 18~br period
beginning about 6:00 p.m. June 3 and ending around noon of June 4.

On June 3, a cold front progressed slowly southeastward across the western
United States (fig. 2.4)., Meanwbile, a large high pressure area moved generally
southward to a position in the vicinity of the Great Lakes. On the morning of
June 4, this zone of high pressure became elongated along an east-west axis and
dominated the weather and flow pattern from the Great Lakes southward to the Gulf
of Mexico. This east-west elongation of the High produced an easterly flow over
most of the southern and midwestern United States. At the western edge of the
Great Plains, the airflow turned and became southwesterly. This flow brought the
molist warm alr from the southern United States northwestward. The terrain caused
this moist air to be 1lifted, at first gradually over the higher terrain of
western Texas and Oklahoma and then abruptly, by the first upslopes of the Rocky
Mountains. It was this moist unstable air that produced the Penrose rainfall
center on the evening of June 3 and the morning of June 4,
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By the morning of the 5th, the high pressure center from the Great Lakes had
begun to drift eastward. This resulted in reduced flow into the Penrose storm.
The easterly component of the flow over the western part of the Great Plalns
weakened, and a more southerly component began to dominate. This reduced the
lifting effect of the first upslopes of the Rockies; however, the moisture Iinflow
was still sufficient to produce scattered rains in Coleoradeo, New Mexico, Texas,
and Oklahoma. The heaviest rains were occurring farther south in New Mexico and
Texas, and were associated with a cold front that was moving inte the region on
the 5th and 6th. These rainfalls were not nearly as intense as those that had
occurred in Colorade on the evening of the 3rd and the morning of the 4th. The
High, which had been centered near the Great Lakes, continued to drift farther to
the east, resulting in diminished strength of the moist alirflow from the Gulf of
Mexico northward. As the cold front moved through New Mexico, Texas, and
Oklahoma, it pushed out the final remnants of the moist easterly flow.

The isobyetal pattern (fig. 2.5) shows rainfall centers in four states that

exceeded 6 in. The centers are located at Penrose, C0 (12 in.); Hope, NM
(6.4 1in.); Shattuck, OK (7.3 1in.); and Plainview, TX (6.3 in.). A fifth center
of 5.9 in. was located at Cimmaron, KS. Mass curves of rainfall for

representative stations in the centers at Penrose, Hope, and Shattuck (fig. 2.5)
indicate the differing natures of the precipitation Iin the different centers.
The rainfall at the Penrose center, and other large amounts in Colnrado,
generally occurred over a relatively short duration (less than or equal to
24 hr). At Hope, Shattuck, and Plainview (mass curve not shown), the
precipitation occurred over a longer time period, generally in excess of 48 hr.
At Penrose, 87 percent of the total storm rainfall occurred in the maximum &6-br
period, while at other locations 1in Colorado with large precipitation amounts,
the greatest b6-hr amount accounted for 60 to 85 percent of the total storm
amount . The average of the greatest 6-hr amounts for Colorado stations was
approximately 78 percent of the total storm rainfall. By contrast, in the other
three centers of the storm, the ratios of the greatest 6~hr amounts to the total
storm precipitation amounts are significantly less, being 29 percent at the
Plainview, TX center, 31 percent at Hope, NM, and 47 percent at Shattuck, OK.
Other reports of heavy rainfall outside of Colorado show 6-hr to total storm
ratios ranging from approximately 20 to 74 percent. An average of these ratios
outside of Colorado was approximately 46 percent.

2.4.,1.3 Springbrook, Montana -~ June 17-21, 1921 (32). This was a large area
extratropical cyclone that occurred over eastern Montana and western North
Dakota. The primary rainfall center occurred at Springhrook, MI' where 15.]1 in.
of precipitation fell in approximately 100 hr. Over 85 percent of the total
storm tainfall fell in a period of about 18 hr. The precipitation centers in
North Dakota were considerably smaller; 5.3 in. at Powers Lake, ND and 4.9 in.
at Beach, ND.

At 0600 on June 17, a slow-moving cold front extended from eastern Montana
southwestward through Arizona (fig. 2.6). Warm moist air from the Gulf of Mexico
was being pumped northward by a high pressure system centered over Migsissippi.
A wave, which was forming on the front, was positiored in northeastern Arizona.
The wave moved quickly northeastward along the front, and, by 0600 June 18, was
situated in southeastern Wyoming with a warm front extending eastward along the
South Dakota~Nebraska border., The moist unstable alr from the Gulf of Mexico was
lifted over the warm fromt and deflected around the Low in Wyomling. Convective
activity was occurring in the vicinity of both the warm and cold fronts.
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Figure 2.6.~~Synoptic surface weather maps for June 17-21, 1921 -~ the
Springbrook, MT storm (32).
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By the morning of June 19, the Low (fig. 2.6) had occluded and was centered in
western South Dakota with a trough of low pressure extending northwestward over
southeastern Montana. The moist tropical ailr continued to flow cyclonically
around the occluded system. Meanwhile, another rapidly moving cold front from
the Pacific Ocean, associated with a Low moving from the Pacific Ocean across
northern Canada, crossed into Montana and provided additional lifting of the warm
moist air. Upon reaching the trough 1in southeastern Montana, this system
regenerated and a new Low developed. The older Low moved southeastward and
dissipated as the new Low deepened and traveled northeastward. By the evening of
June 19, it was centered over northwestern North Dakota. The sharp cyclonic
lifting and turning of the tropical air around the Low caused intense heavy
rainfall over northeastern Montana during the afternoon and night of June 19. On
June 20 and 21, the new Low gradually wmoved eastward along the
United States—Canada border. As the system moved out of the region, drier air
replaced it and the rainfall ended except for scattered convective showers.

The circular shape of the isohyets drawn around the maximum rainfall center
(fig. 2.7) is probably a reflection of the sparsity of measurements. The maximum
value of 15,1 in. at Springbrook, MT is 2.5 times greater than the next largest
recorded value of 5.9 in., which occurred over 40 mi away. If a greater number
of measurements had been made in this region, the structure of the isohyetal
pattern probably would have been more complicated. It is also possible that a
larger rainfall center would have been discovered. The 2-in. isohyet (fig. 2.7)
encompasses a large area including parts of Wyoming, Montana, North Dakota, and
Canada. The storm amounts are those measured for a 108-hr period, although the
majority of the rain fell during roughly 15 hr in two bursts, one during midday
of the 18th, and the second during midday of the 19th through the early morning
of the 20th,

2.4.1.4 Savageton, Wyoming — September 27-October 1, 1923 (38). A significant
feature of the Savageton, WY storm was the cyclonie circulation of the low
pressure system which produced widespread convergence. Another important factor
was the strong flow of warm moist air northward from the Gulf of Mexico inte the
region of Theavy precipitation. The heaviest vprecipitation occurred at
Savageton, WY in the northeastern portion of the state. The maximum
precipitation for this 108-hr storm period was 17.]1 in.

On the morning of September 25, the low pressure system which would affect the
Savageton, WY area was positioned just off the northern California coast. An
accompanying front extended eastward from the Low across California and Nevada
througk Utah, and northeastward to join another Low in North Dakota. A High was
centered over Lake Ontario and was pumping warm moist air northward from the Gulf
of Mexico through Texas and as far north as Minnesota. A stationary front
oriented south to north from western Texas to North Dakota marked the western
border of the humid air mass at the surface.

The Low over the Pacific moved inland to northern Utah by 0600 September 26.
The accompanying warm front stretched eastward to Nebraska and into Canada. The
High strengthened while moving eastward and maintained the steady flow of warm
moist air from the Gulf of Mexico. Meanwhile, the stationary front was dissipat-
ing so the warm moist air was able to penetrate further to the north and west.
By the morning of September 27, the Low had traveled to southeastern Colorado
(fig. 2.8) and the warm front associated with the Low extended eastward through
northern Missouri. The cold front associated with the Low extended southward
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PMgure 2.7.~—Isohyetal map for June 17-21, 1921 - the Springbrook, MT storm {(32).

through New Mexico, Texas, and into Mexico near El Paso. The High continued to
strengthen as it drifted southeastward into the Atlantic Ocean. - Circulation
around the High persisted over the west central Plains and continued to move the
warm wmoist Gulf of Mexico alr northward to the vicinity of the Low and fronts.
In the onorthern Rocky Mountains, a mass of cold air was moving from north to
. south immediately to the rear of the Low. Although some precipitation assoclated
with this low pressure system occurred as the storm crossed California, the heavy
rains east of the Continental Divide began on the 27th as warm moist air from the
Gulf was lifted over the cold air, while the pronounced cyclonic clrculation
produced a strong level of convergence.

The Low moved very little in the 24 hr from the morning of the 27th through the
morning of the 28th and, at 0600 on the 28th, was centered in northwestern
Kansas. The accompanying warm froont from the Low had moved slightly nerthward to
the lowa-Missourl border, while the cold front still trailed southward through
Oklahoma, the Texas Panhandle, and through the Big Bend country of Texas. The
high pressure system started to weaken as 1t drifted further southeastward;
however, the flow from the Gulf of Mexico northward remained strong. The heavy
tains in Wyoming continued as eirculation around the Low stayed Intense.
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The storm began to decrease during the 28th, and by the morning of the 29th a
distinet closed circulation pattern was no longer evident. The rainfall began to
diminish significantly in Wyoming. What remained of the system was a rather
diffuse region of low pressure that extended from eastern Nebraska northwestward
into west central South Dakota. The eastward movement of this region of low
pressure was blocked by a ridge of high pressure which had built southeastward
from Manitoba into Ohio. A tropical storm off the coast of South Carolina had
caused the eastern High to weaken and move eastward into the Atlantic. This
resulted in disruption of the southerly flow across the Gulf States and limited
the flow of alr northward from the Gulf of Mexico.

On September 30 and October 1, the precipitation which occurred was in the form
of isolated rain and snow showers. The remnants of the low pressure system moved
into southeastern Nebraska., Warm moist airflow from the Gulf of Mexico had been
completely shut off.

The maximum precipitation for the 108-hr storm period was 17.1 in. at
Savageton, WY. Another large amount in Wyoming was 8.3 in. at Hunters Station,
while 8.0 in. fell at Arvada, CO. The area receiving at least 2 in. of
precipitation was equivalent in size to the entire state of Wyoming (fig. 2.9).
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The maximum average depth of raiafall was 6.6 in. for 24 hr. over 1,000 mi 2.
Since the storm was primarily the result of convergence from the low pressure
system, the total isohyetal pattern was basically oriented from southwest to
northeast, roughly paralleling the track of the storm. Along the mountain ranges
maxima tended to be influenced by the mountain slopes and were located on the
eastern slopes.

2.4.1.5 Cherry Creek (47) -~ Hale (101), Colorado - May 30-31, 1935. During a
24-br period beginning at 6:00 a.m. on May 30 and ending at 6:00 a.m. on May 31,
heavy convective rainfall broke out at several locations along a line from the
foothills of the Rocky Mountalns of eastern Colorado east—northeastward to the
Kansas border. These storms were small in areal extent, but of extreme
intensity, with point rainfall amounts as high as 24 in. in a 6-~hr perfod. The
rains caused much flash flooding in the Cherry, Kiowa and Bijou Creek basins
Jjust east of the foothills of the Rocky Mountains in Colorado, and on other small
basins to the east near Hale, CO.

The surface weather map (fig. 2.10) for the morning of May 30 shows the
presence of a weak low pressure center with associated cold and warm fronts. The
Low was centered over northern Utah with a warm front extending eastward south of
the area of heavy precipitation. Warm moist air flowed into the reglon from the
Gulf of Mexico. As the morning wore on, the warm front drifted northward to a
position almost directly over the Cherry Creek-Hale, CO area. The Low drifted
southeastward, and the center was located in northern New Mexico. The
intersection of the cold and warm fronts was just west and south of the
precipitation center. North of the warm front a strong High was centered over the
Canada~United States border. The presence of these dissimilar air masses caused
the outbreak of the extreme convective activity along the warm front in the late
morning. The storm then moved east northeastward along the warm front, feeding
on the low level moist air that was moving northward from the Gulf of Mexico and
on Instability released as warm alr moved up over the cold air assoclated with
the high pressure system. This continued until the early morning hours of the
31st when the storm dissipated.

The many reports of hail are witness to the intensity of these stotms. Some
reports indicated hail as large as haseballs. It is also likely that low level
winds near the storm and along the warm front were very strong. The report of a
heavy dust storm near the Colorado-Kansas border during the storm period supports
this conclusion.

There were several rainfall centers in the storm as shown on the isohyetal map
(fig. 2.11), The two largest centers with greatest rainfall depths are the Kiowa
center and the Hale center, both reaching 24 in. Because flooding on Cherry
Creek was more critical to Denver, the storm is generally referred to as the
Cherry Creek storm in the literature, whereas the largest raln amounts actually
fell on the Kiowa and Bijou Creek basins. The Klowa ceater (39°13'N 104°32'W),
at an elevation of 6,900 ft, occurred in an orographic region known as the Palmer
Ridge, while the Hale center (39°36'N 102°08'W) occurred at an elevation of
4,000 ft in essentially flat nonorographic terrain. This suggests that, although
the Kiowa center may have been initiated and enhanced by orography, this storm as
a whole was not dependent on strong orographic 1lifting.

Timing of the rainfall determined by mass curve analysis (not shown) shows that
the heavy rain began in the Kiowa, Bijou, and Cherry Creek areas about midmorning
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Figure 2.10.—-Synoptic surface weather maps for May 29-Jume 1, 1935 — the Cherry
Creek (47) ~ Hale (101), CO storm.

of May 30. The time of beginning of rainfall became later and later on the 30th
in an eastward progression from the Kiowa Creek area. At the Hale center
rainfall began about 6:00 p.m. on the 30th., Rainfall had effectively stopped
over the Klowa center by that time. This timing factor suggests that there was
an east-northeastward propagation of the severe instability and of the primary
tongue of molsture that caused the heavy storms that had developed late in the
morning of the 30th over Kiowa.
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Figure 2.12.--Synoptic surface weather wmaps and S5S00-mb charts for
June 6~7, 1964 — the Gibson Dam, MT storm (75).

2.4.1.6 Gibson Dam, Montana — June 6-8, 1964 (75). Beginning in the early
morning hours op June 7, 1964, rainfall occurred over the mountalnous region of

western Montana causing severe flooding over a large portion of the Missourt
river basin of west—central Montana. The storm continued until the late evening

of June 8, with a total storm duration of about 36 hr. A maximum storm amount of

16.2 in. has been determined from an isohyetal analysis.

The storm is discussed at length in U.S. Geological Survey Water Supply Paper
1840-B (Boner and Stermitz 1967); therefore, only a brief discussion is included
here. The surface and 500-mb weather patterns are shown in figures 2.12 and

*Note: The maximum analyzed rainfall in this storm occurred at 48°32'W 113°33'W
or about 16 ml northwest of East Glacier Park, MT, rather than near Gibson Dam.
However, this storm has continued to be referred to as the Gibson Dam storm
because of a preliminary analysis.
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Figure 2.13.--Synoptic surface weather maps and 500-mb charts for
June 8-9, 1964 ~ the Gibson Dam, MT storm {(75).

2,13, Tt 1s evident from an examination of the surface weather charts that the
main feature of this storm was a strong low pressure center, which passed to the
south and southeast of the storm location. The circulation around the Low
brought moist air from the Gulf of Mexico northward across the Great Plains and
then westward over Montana into the storm region. Ag the moist alr turned
westward around the north side of the Low, it was carried up and over the
mountains of western Montana, The rainfall was the result of both the
convergence around the Low and lifting by the mountain slopes.

The isohyetal pattern in figure 2,14 was analyzed considering, in a general
sense, the orographic lifting of the storm. The location of the major rainfall
- centers, however, was dictated by rainfall observations and streamflow records.
All of the major centers are located in the mountains of western Montana. This
gshows the significance of the topography in the rainfall process for this
storm. The amounts decreased to the east as the orographic influence became less
and less. The heaviest rainfall during the Gibson Dam storm (75) occurred on the
morning of the 8th, during the time of a strongest easterly flow. '
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2.4.1.7 Plum Creek, Colorado — Jume 13-20, 1965 (76). During the period of
June 13-20, 1965, heavy rains fell over the eastern foothills of Colorado, very
near the locatlon of the Cherry Creek storm (47) {sec. 2.4.1.5). These rains
reached total amounts of over 10 in. at many locations during the period, with
the greatest point rainfall amount recorded being 18.1 in. The heaviest rains
during the storm period occurred primarily in severe convective storms during the
afternoons and evenings. Strong advection of unstable moist air from the Gulf of
Mexico provided low level moisture for the storm.

On the 13th through the 16th (fig. 2.15-2,16), weak frontal systems were
present in the Colorado region. The convective storms developed 1n the warm
moist southerly air flow. The cold front to the west gradually ceased its
eagtward movement and became a stationary front by the morning of the 15th. The
warm front gradually dissipated as a high pressure system moved rapidly southward
from Canada. By the morning of the 16th, the center of the High was near the
northern edge of the Great Lakes. The 500-mb chart (fig. 2.16) showed a trough
over the west slowly intensifying as a2 closed Low center moved southward to a
position over the California-Nevada border. Over the storm area the wind
gradually backed, becoming easterly, and increasing in strength,

During the 17th, 18th, and 19th, (fig. 2.16-2.17) the surface High continued to
move southward and by the morning of the 19th was centered over eastern
Tennessee. The circulation around the High continued to bring warm moist air
northward over the western Great Plains and eastern Colorado. The weak
stationary front, located along the east—-facing slopes of the Rocky Mountains,
marked the westward extent of the moist air. At 500 mb, the closed Low over the
California-Nevada border weakened, but an elongated trough remained over the
western United States, while through the Great Plains a weak ridge extended from
the Gulf of Mexico northward to the Canadian border. The air flow over the
western and central United States was southerly from the surface to 500 mb,
Moisture was flowing into the region through a deep layer of the atmosphere.

During the 19th, the north-south circulation began to break down. The surface
High began moving eastward through Canada. This permitted the cold front
extending southward from a Low over northern Canada to move into Colorado,
causing the wind flow over western Colorado to shift to the northeast. At
500 mb, the trough and ridge both weakened and the flow over Colorado veered to
westerly. These changes 1in the circulation ended the precipitation over
Colorado.

The instability of the air mass over Colorado aloung the moisture inflow path at
the surface 1s evidenced by the vertical variation in temperature and dew points
shown 1in radiosonde observations taken at various stations during the storm.
Representative soundings are shown in figure 2.18. These soundings show deep
layers of conditionally unstable air that required only minimal 1ifting to
releage the instability. This initial lifting was readily available in Colorado
as a result of diurnal heating and both terrain and frontal 1lifting.

Thunderstorms initially broke out over eastern Colorado on the afternoon of the
13th. Severe storms occurred every day with many reports of large hail and
funnel clouds over the next 5 days. Squall lines can be detected on the
afternoon and evening surface synoptic maps {(not shown) on several days during
this period. Although not alwavs detectable with the synoptic scale weather
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June 19-20, 1965 — the Plum Creek, CO storm (76).

observation network, lines of severe storms were probahly present in Colorado on
all days during this storm period. During the afternoon of the 16th and into the
17th, rainfall became excessive over much of eastern and southeastern Colorado.
Rainfall amounts of over 5 in. were common in the storm area for the 24-hr period
ending In the late afternoon of the 17th, Extreme rainfalls reported by the
State Engineers Office, USBR, and COE, showed rainfall amounts up to !4 in. in
Douglas County on the 16th and in Elbert County on the 17th, A total storm
isohyetal map is shown in figure 2.19, Other extreme amounts reported included
6 in, in 4 hr in El Pasc County on the 17th and 6 in. in 30 min in Elbert County
on the 15th. The l4-in. values on the 16th were estimated to have occurred in a
few hours.
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Figure 2.19.——Isohyetal map for June 16-17, 1965 - the Plum Creek, CO storm (76).

Convective storms became less prevalent after the 17th. Movement of the high
pressure center to the southeastern United States reduced the strength of moist
alr inflow into Colorado, and allowed the cold front to move slowly to the
east. This cold front weakened over the Plains States; however, severe weather
was still reported over portions of the Midwest on the nights of the 20th
and 21st.

Reduction in rains over eastern Colorado was also signaled by the weakening of
the closed Low aloft on the 18th. This weakening also greatly reduced the inflow
of moisture into the air column over eastern Colorado. By late afterncon on
June 19 upper air flow over Colorado had become westerly.
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May 4-5, 1969 - the Big Elk Meadow, C0 storm (77). '

2.4.1.8 Big Elk Meadow, Colorado -~ May 4-8, 1969 (77). Beginning on the
afternoon of May 4, 1969, general rains began to fall over the first upslopes of
the Rocky Mountains. The rain continued wuntil the early morning of May 8,
finally halting around 11:00 a.m. Rainfall was heaviest in a band from about
25 mi southwest of Denver northward to Estes Park.

The surface and upper air weather patterns for the storm period are shown in
figures 2.20 to 2.21. FEarly in the storm a persistent southeasterly flow from
the Gulf of Mexico transported moist air into Texas, Colorado, and the Plains
States., This flow was a result of a High near the mid-Atlantic coast and a weak
Low center over northern Mexico at the surface. Aloft, a ridge was present over
the Atlantic coast with a closed Low over the southwest. This circulation is
condueive to drawing air from over the Gulf of Mexico and transporting it
northward and northwestward. A weak cold front and Low were also present in
Colorade when rain began on the evening of the 4th. Initial rains were probably
the result of the warm moist alr being forced over the cold front. It appears
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the dimportance of the cold front diminished as it drifted slowly to the
southeast. Orographic 1lifting, resulting from northeasterly flow across the
Plains and onto the Rocky Mountains, became increasingly important during the
storm period. This flow was a result of a High building te the north in the
Montana-Dakota regiom beginning on May 5. As the High became stronger and the
cold front moved further to the southeast, the easterly component of the flow
behind the front and across Colorado became stronger. This brought the moist alr
already over the Midwest to the first upslopes. As the alr was lifted by the
mountains, the rainfall became more intense. The flow became strongest and the
rainfall heaviest during the 6th and the 7th, Winds at the surface were
predominantly from the east across Colorado and nearly normal to the mountains.
The formation of a weak wave along the cold front in southwest Missouri on the
7th, probably served to reinforce the easterly component of the flow.

This pattern persisted until late on the 7th when a second cold front, with a
High to the north, began pushing southward toward the storm area. This cold
front brought northerly flow .and colder, drier air behind i1t. As the front moved
through Colorado on the night of the 7th and the morning of the 8th, it displaced
the moist Gulf of Mexico alr., This change in air mass stopped the rainfall over
the Colorado region by midmorning of the 8th.

The consistent nature of these rains is evidenced by the hourly precipitation
record. These data show that the rainfall, once started, continued throughout
the storm with very few breaks. Near Boulder, CO, rainfall was first reported on
May 4, at 11:00 p.m. After that, rainfall amounts were recorded nearly every
hour until 8:00 p.m., May 7th, for a total of 69 hrs of recorded rain. The
rainfall was very steady over this time period. Most available hourly reports
show l=hr rainfall maximums to be less than 1 in. This suggests that convective
instability was not present, but rather that the rain was the result of a
consistent lifting caused by the flow against the mountain. An isohyetal
analysis of the storm (fig. 2.22) shows centers to be located along the first
upslopes. As in most major storms, the largest amounts were determined by a
"bucket survey” over the storm area. The survey yielded many reports of 10 in.
or more. The largest total storm report of 20 in. was located at Big Elk Meadow
Resort (40°16'N 105°25'W). Several other locations received amounts up to
approximately 15 in.

2.4.1.9 Big Thompson, Colorado — July 3l-August 1, 1976 (8l). Disaster struck
in the form of severe flash flooding east of Estes Park In the canyon section of
Larimer County 1in north-central Colorado on the night of July 31, 1976. The
flood took .the 1lives of 139 people and caused many millions of dollars in
property damage. The greatest loss of life occurred in the Big Thompson Canyon
where campers were swept away by the "wall of water”™ tumbling through the narrow
canyon.

The Big Thompson storm has been well documented by several authors. Details on
particulars, such as precipitable water, dew polnts, radar summaries, etc., are
provided by McCain et al. (1979), and Caracena et al. (1979). The following
storm description is summarized from these sources.

The flash floods were a result of a complex system of thunderstorms that had
begun to develop over the Colorado-New Mexico region on the afternoon of
July 31, The storms formed in the humid Gulf of Mexico air that had circulated
around a double frontal system extending from eastern Colorado eastward into
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storm (77).

Kansas (fig. 2.23)., Weak pressure gradients at the surface probably contributed
to the quasi~stationary nature of the fronts in Colorado. The fronts were very
close together and can only be detected by an analysis that is more detailed than
synoptic scale analysis. On the synoptic scale charts of figure 2,23 they are
shown as a single front. For simpliecity, in this report a single front will be
used for reference.

Dew-point analyses over the south indicated that moist air had moved northward
from the Gulf of Mexico and then turned with an easterly component of flow over
the Plains States. This easterly flow carried the moist air to the front slopes
of the Rocky Mountains in Colorado where it was lifted by both terrain and
atmospherle processes. During the afternoon of the 3lst, thunderstorms formed in
several Jlocations aleong the first upslopes of the Rockies and along the front
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extending to the east. The timing of the growth 1indicates that insolation
probably played a role in the development of the thunderstorms. Radar summaries
and satellite pictures (not shown) indicate that the thunderstorms were growing
rapidly and becoming locally intense in the Big Thompson area by 1700. Up to
this time rainfall had bheen light and scattered over Colorado.

By 1730, rain had started over the Big Thompson basin. During the next 4 hr,
heavy cloudburst-type rains fell in or near the Big Thompson basin as these
severe storms remalned nearly stationary over the area. Rainfall was heaviest
from about 1830~2100. This was due to the apparent merging of storm cells over
the area as depicted by radar summaries, Light winds aloft during the storm
period also contributed to the severity of the storms by providing little
entralinment of dry air from the surrounding upper levels. The light flow also
permitted the storm cells to form and reform over nearly the same location. A
short wave trough at 500 mb, moving north along the western edge of the ridge,
was also making its way into the storm area during this time (fig. 2.23). This
trough aloft probably enhanced the development of the thunderstorms, increasing
thelr severity. Rainfall diminished over the Big Thompson basin around 9:30 p.m,
on the night of July 31. Other heavy rainfall occurred between 11:00 p.m. and
3:00 a.m. on August 1 in areas to the north-northeast of the Big Thompson
basin. These storms were not as severe as those over the Big Thompson basin.
The heaviest precipitation occurred in a 10-mi-wide band from 8 mi south-
southeast of Estes Park north-northwestward to the Colorado-Wyoming border.
Maximum rainfall amounts of 12 in. of rain occurred between 5:30 p.m. and
9:30 pum. July 31 (Miller et al. 1978). A point maximum of 12.5 fn. in 4 hr
(40°25'N 105°26'W, elevation 8,000 ft) has been accepted for this storm. The
rainfall drops off quickly in all directions from the storm centers, exhibiting
the local nature of the individual storm centers.

A storm isohyetal map is shown in figure 2.24. The map covers the most intense
part of the storm and is for the maximum 4-hr rainfall on July 31, 1976. Tt
shows the amounts from the local thunderstorm cells that resulted in heavy flash
floods.

2.,4.2 Tropical Storms

' The southern part of the study region, from the Mexican border to approximately
37°N, has been affected by the remnants of several tropical storms. Throughout
this southern portion of the study region these storms are a major producer of
heavy rainfall, and could be considered a prototype for the PMP storm.

2.4.2.1 Rancho Grande, New Mexico — August 29-September 1, 1942 (60). The
rainfall during the Rancho Grande, NM storm was assocliated with a tropical storm
which moved inland from the Gulf of Mexico on the morning of August 30. The
circulation of the storm was still identifiable as it entered New Mexico. Large-—
scale convergence from the cyclonic motion was a primary mechanism causing the
precipitation. Thunderstorm activity preceded and followed passage of the
disturbance into New Mexico.

The storm originated as a tropical depression In the eastern Caribbean Sea near
the Gulf of Venezuela on August 21, 1942, It strengthened while moving westward,
and by the evening of August 24 achieved winds of hurricane force. The hurricane
veered slightly at this time, taking on a west~northwestward movement, The
hurricane crossed the ¢tip of the Yucatan Peninsula during the night of
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Figure 2.24.——Isohyetal map of intense 4—hr precipitation for July 31, 1976 - the
Big Thompson, CO storm (81).

Mexfico., By the moroing of August 29, the surface winds along the Texas coast
reflected the proximity of the approaching storm.

On August 29, a large maritime tropical air mass covered the eastern United
States, while a polar mass of high pressure dominated eastern Canada. A weak Low
was centered over the Great Basin and a polar air mass covered the Pacifie
northwest. During the afternoon of the 29th, thunderstorm activity began over
eastern New Mexico as tropical air from the Gulf of Mexico was forced over the
terrain. A few stations reported over an inch of rain by the end of the day.
Thunderstorm activity decreased on the 30th, as the surface wind shifted to
northeasterly under the influence of the tropical cyclone.
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Rancho Grande, NM storm (60).

The hurricane continued on the straight northwestward course and reached the
Texas coast near Matagorda Bay slightly before 5:30 a.m. the morning of the 30th
(fig. 2.25). Its movement remalned northwestward at a speed of approximately
15 mph and 1its intensity decreased from hurricane strength to that of a tropical
storm. The rain area accompanying the storm reached southeastern New Mexico late
on the 30th and advanced steadily northward enveloplng most of the lower Pecos
Valley by the early morning on the 31st., The storm center 1itself entered New
Mexico on the morning of the 3lst and remained nearly stationary south of Roswell
during the remainder of the day, with steady moderate rain north of the center.
Late in the day, the storm began to move north-northeastward, steadily losing
intensity. When 1t reached Tucumcari early on the following morning -
September 1 — a cyclonie c¢irculation was still evident. By this time rainfall
had spread northward intc southeastern Colorado and ended in the region south of
an Albuquerque, NM - Amarillo, TX line. The final burst of rain In the storm
consisted of scattered thunderstorms preceding and accompanying a cold front
which approached from the north. The front moved across Colorado on September 1,
and continued southward across Texas and New Mexico.
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This storm was remarkable in that
after traveling more than 700 mi 106 105 104 103
over land, it still maintained a 2
well defined strong cyclonic
circulation, although no longer of
hurricane intensity. Not a single
station 1n the path of the storm
reported thunder at the time of the
heavy rain, indicating that large-
scale convergence rather than local
convection was the prinecipal cause
of precipitation.

The maximum precipitation for the
84-hr storm was 8.0 in. at three
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2.4.2,2 Vic Plerce, Texas -
June 23-28, 1954 (112). The depth
of precipitation reported at Vie
Pierce, TX for 10 mi“ and 24 hr was
26.7 1in. Precipitation from this Alamogordo
storm was a direct result of the .
movement of Hurricane Alice from the
Gulf of Mexico up the Rio Grande
Valley. Heaviest rains occurred Figure 2.26.~~Isohyetal wmap for
about 90 mi northwest of Del Rio, Avgust 29-September 1, 1942 — the
TX, during the period when the Rancho Grande, NM storm (60).

storm - was losing its warm—core

tropical storm structure.
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On June 24, 1954 (fig. 2.27), a small hurricane in the western Gulf of Mexico
300 mi southeast of Brownsville was discovered by ship personnel. This
hurricane, named Alice, moved from its birtbplace on a track toward the
northwest typical for this season and region. The storm crossed the coast
some 50 mi south of the mouth of the Rio Grande, at about noon on the 25th (fig.
2.27), and proceeded up the short distance south of Brownsville, Larado and Del
Rio, TX. The surface wind at Brownsville rose to nearly 50 mph while a pllot
balloon measurement of wind speeds aloft showed a speed of 130 mph from the
southeast at 3,500 ft. As the center passed Del Rio at noon on the 26th, the
highest surface wind was 33 mph (the fastest single mile of wind). The low-level
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jet winds also diminished. The highest speed revealed by the 8:00 a.m. pilot
balloon observation was 48 mph at 3,000 ft above sea level. However, the storm
on this day still maintained its warm core as evidenced by the 500-mb temperature
at Del Rio. :

Continuing on its northwestward track, the storm crossed the Rio Grande to the
region between the Big Bend of the Rio Grande and lower Pecos River. It stalled
there during the night of the 26th and remained nearly stationary through the
27th. Early on the 28th (fig. 2.28), the storm remnants were barely discernible
as a cyclonic wind circulation with a weak low pressure center. At this time it
began to move across the lower Pecos River and finally lost its identity in north
Texas. After it passed Del Rio, the cyclonic circulation of the storm was more
distinet at 53,000 ft than at the surface. This is typical of decadent
hurricanes. The storm was further identified at 5,000 ft by the temperature at
the core of the disturbance which, by that time, was some 4°C colder than its
surroundings. The warm anticyclone aloft and at the surface was quite strong and
persistent from Florida across the Gulf Coast States into New Mexico while the
storm was moving up the Rio Grande Valley. There were some weak indications in
the 500-mb wind field that the storm interacted with a wave in the westerlies
extending south from Montana as it was producing the record rainfall northwest of
Del Rio.

During the progress of the storm over the relatively flat country of the Rio
Grande Valley below Del Rio, rains were only moderate for a hurricane. 1In Texas,
there was a 6-in. center at Hebronville, about 130 mi northwest of
Brownsville, TX, and another center in excess of 6 in. near Uvalde, about 270 mi
northwest of Brownsville. Stations along the Rio Grande experienced total
precipitation ranging from a fraction of an inch to 4.5 in. (fig. 2.29). 1In
Mexico, south of the storm track, precipitation was very light. ©Northwest of Del
Rio, some orographic effect was apparent in the reported precipitation amounts.
The storm encountered the steepest slopes of the nartowing valley of the Rio
Grande between the Serranias del Burro in Mexico and the tip of the Balcones
Escarpment 1in Texas. The first of the very heavy rains, near Langtry, TX,
however, began as the center of the decadent hurricane arrived there. Detailed
information on the wind flow is lacking, but it is reasonable to suppose that the
prevalling flow into the area of beaviest rain was from the southeast.

Several hours after the passage of the hurricane center, the rain at Langtry
slacked off and stopped altogether soon after noon on the 27th. The principal
activity then shifted 30-60 miles north, to the region between .Pandale and Ozona,
TX. A succession of thunderstorm cells released very heavy rains along this axis
for as long as the center of the transforming hurricane was located a short
distance to the west of the axis. The precipitation ended over this region only
after the storm center moved to the north. There are two rainfall centers shown
on the isohyetal analysis at which the total accumulated precipitation for the
storm, -according to unofficial measurements, was 35 in. The 1location of one
(Everett) is in a saddle near the Pecos River at the head of a general slope up
from the scuth, 1,700 £t above sea level. The other (Vic Pierce Ranch) is near a
rim of a plateau at an elevation of 2,200 ft. :

The heavy rains are most closely related to the stalling of the northwestward
movement of the hurricane remnants while it was transformed into a cold-core
system when interacting with a weak wave in the westerlies. Although the overall
precipitation pattern can be assoclated with the generally southward-facing
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slopes of the Edwards Plateau In the area nortbwest of Del Rio, specific
isohyetal maxima and minima appear poorly correlated with places where the slopes
are most pronounced.

2.5 Storm Classification

One objective of a comprebensive study of the meteorological situations
surrounding major sterms i1s the develeopment of a classification or grouping
system. The system may then be used to determine in which regions similar storms
have occurred. Once these regions have been decided, transposition limits for
individual major storms can be more easily determined. The system was developed
from the study of the major rain storms in the reglon, some of which have been
discussed in section 2.4.

2.5.1 Stom Classification System

Development of a storm classification system, based upon the factors most
important for occurrence of an extreme rainfall event, is complicated by the
exigstence of more than one factor that can be assigned In most storms. In the
system developed, only one factor can be assigned to each storm. The first
gseparation 1s between general cyclonic and convective storms. Within the
convective storm grouping, storms are further subdivided into complex and simple
systems. Within the cyclonic storm classification, the storms are grouped into
tropical and extratropical storms. The extratropical storms are further
classified as those in which the precipitation results primarily from frontal
action and those in which the precipitation results primarily from convergence
around a low pressure system.

2.5.1.1 - Characteristics of Storm Classes. Convective precipitation is caused
primarily by vertical motion within an extended mass of alr where the air is
warmer than 1its environment. Convective precipitation is wusually limited in
areal extent and of relatively higber intensity, and produces greater amounts
over smaller areas than that resulting solely from large—scale ecyclonic
activity. Convective storms are sometimes accompanied by thunder. PFrequently in
these storms, periods of intense rainfall are separated by periods of little or
no precipitation. The fundamental unit is the storm cell. Niameter of this mass
of air 1is about 10 mi or less and typically forms a single cumulonimbus cloud.
The affected area 1s greater when a group of related convective events are
congidered together.

The classification system 1includes both simple and complex convective storms.
Simple convective storms are those isolated in both time and space. The duration
is usgally less than 6 hr and the total storm area is generally less than
500 mi“. When precipitation is caused by a group of simple convective storms,
the event is classified as a complex convective storm. Generally the duratipgn
will be longer than 6 hr and the total storm area will be greater than 500 mi“.
It should be remembered that, in a complex coanvective case, the total duration of
all storm events combined is less than 24 hr, and the total storm aresa,
generally, is only a few thousand square miles,

Cyclonic precipitation is primarily caused by the large scale vertical motion
associated with synoptic scale weather features such as pressure systems and
fronts. The vertical motion is related to the horizontal convergence of veloclity
near the surface. The extent of the total storm area, as reflected by the
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isohyetal pattern, 1is typically larger than 16,000 miz. The total duration of
the storm is one or more days. The precipitation is steady rather than high
Intensity bursts or showers.

The distinction between an extratropical and tropical cyclonic storm is in the
location of storm origin. While extratropical storms originate at a latitude
greater than 30°N, tropical storms all originate in a latitude band between 5°N
and 30°N. Tropical storms affecting the CD-103 region originate 1in either the
Gulf of Mexico, the Caribbean Sea or the Atlantic Ocean. Adequate supplies of
both real and latent heat are necessary conditions for the formation of tropical
storms. These conditions are met over the three tropical regions mentioned. In
this study, only those storm events are included as tropical cyclones where the
precipitation can be attributed to a tropical storm circulation, or where the
track of the center of moisture can be matched with storms found in "Troplical
Cyclones of the North Atlantic Ocean - 1871 - 1980" (Neumann et al. 1981).

Rainfall events from cyclonic storms of extratropical origin can he further
subdivided into those resulting from circulation around low pressure centers and
those assoclated with frontal systems. The rainfall associated with low pressure
centers results from cyclonic flow close to the surface over an area near, and
generally to the north of, the low pressure center. The low pressure center is
generally moving eastward through the area of concern. The effective storm
duration is generally about three days. Generally, cold fronts cause most of the
extreme rainfall associated with frontal systems in this region. Such a front
represents the leading edge of a mass of cooler air moving from northwest to
southeast through the region. The heaviest precipitation 1s associated with the
cold front as 1t passes through the region. The associated low pressure system
is at least 100 mi from the precipitation center. Precipitation generally is of
shorter duration than that associated with low pressure centers.

The descriptions in the previous paragraphs present idealized sltuations. Most
storms result from a varlety of causes. Since the adopted procedures allow only
one classification to be assigned to each storm, a method has been developed to
select the appropriate type when various causative factors are present. The
storm is examined in terms of the total precipitation volume. The percentage of
this volume contributed by each storm type is estimated. The storm type
contributing the greatest percentage 1s wused as the basis for storm
classification. Simple convective storms cannot occur in combination, or as a
portion of other storm types. In some portions of the region, these storms
provide the maximum precipitation amounts for short durations and small areas.
Outside these regions, combinations of convective and cyclonic types can occur.
When determining the duration as discussed 1in the various storm types, an
effective storm duration is used. This duration is defined as the  shortest
period of time in which at least 90 perceat of the total rainfall has oceurred
for the majority of the storm area. This is generally determined from pertinent
data sheets from "Storm Rainfall in the United States” (U.S. Army Corps of
Engineers 1945 -), hereafter referred to as "Storm Rainfall." The classification
of the storm type is a step-by-step process in which a decision is made on the
most general categories first. A second decision follows, and for some storm
types a third decision is made. The schematic for classification of storms,
figure 2,30, illustrates this process.
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Figure 2.30.--Schematic illustrating the storm classification systen.
2.5.2 Example of Application of Storm Classification System

The application of the storm classification system can be wunderstood by
examination of a particular important storm. The storm selected for this example
was centerad at Penrose, CO on June 2-6, 1921 (31).

2,5.2.1 Convective/Cyclonic. Five different c¢riteria can be examined to
classify a storm as cyclonic or convective. These are: 1) weather maps; 2) mass
curves of rainfall; 3) isohyetal pattern; &) effective storm duration; and
5) total storm area. An interpretive judgment will be wmade regarding each of
these criteria.

The surface synoptic weather maps are examined for storm criteria. Figure 2.4
shows the weather maps for June 2-6, 1921. Although two cold fronts passed
through the region during this storm period, one ou June 1-2 and the other on
June 5-6, their passage was not reflected by much rainfall. Most of the rain
occurred on the night of June 3~4 at times when these fronts were at least 150 mi
away. Low pressure centers were not present in the region during the period.
Heavy amounts of rain were recorded at some stations, while neighboring stations
observed 1little rain. The above features indicate that rainfall was of a

convective nature.
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The second criterion to examine is the mass curves of rainfall for the storm.
Selected mass curves are shown in figure 2.5. These curves are examined in terms
of shape and magnitude. The curves exhibit fairly short periods of intense
rainfall which are separated by longer periods without rain. The spatial
correlation of precipitation with distance diminishes rapidly. The rainfall also
was not of a steady nature. Therefore, the criteria for mass curves indicate th
storm to be a convective rainfall event.

The 1sohyetal pattern of the storm also provides clues to the type of rainfall
event. Figure 2.5 showed an ischyetal pattern for this storm. The pattern
displays a very large area of rainfall with several separate centers. These two
criteria eliminate the simple convective event. The ratio of the width of the
isohyetal pattern to the length is slightly less than 0.8 based on the 2-in.
isohyet. Cyclonic storms tend to have isohyetal patterns which are somewhat
elliptical as compared to complex convective storms, whose patterns are
characterized by isolated centers, each of which is nearly cireular. Rainfall
between centers is not uniform and indicates the analysis could have been done in
separate parts. Therefore, the isohyetal pattern for this storm is not clearly
of any single group. Preponderance of evidence indicates a group within the
convective class.

The effective storm duration can be determined from information provided on the
pertinent data sheet in "Storm Rainfall.” The total storm area, or an area size
that includes at least 90 percent of the volume of storm rainfall, is used for
this determination. Using the larger area sizes, the effective duration for the
Penrose, CO storm is 2.5 days. This 1s longer than the key duration of one day
for a convective storm. This criteria implies cyclonie precipitation.

The total storm area can be determined from the 2 in. isohyet on the 1sohyetal
pattern already presented (fig. 2.5). An alternative source 1s the storm area
information presented on the pertinent data sheet from "Storm Rainfall.” For the
Penrose, CO storm, the storm area from the pertinent data sheet 1s 144,000 mi~<.
This factor also indicates a cyclonic-type storm.

Three of the five criteria considered have supported the selection of the
convective group. However, the criteria should not be weighted equally. In
weighting the criteria, the effects of the terrain over the reglon must be
considered. The CD-103 region contains some areas where orography contributes to
the volume of oprecipitation in storms. It 1is particularly important in
considering the mass curves of rainfall and the isohyetal pattern. In the review
of the Penrose, CO storm, the first three criteria should be considered more
important than the final two criteria. This is considered valid even though this
storm occurred over both orographic and nonorographic regions. The latter two
criteria were de—emphas%fed because the limits for convective storms, of one day
duration and 10,000-mi“ area, should be relaxed when a group of related
convective events are considered together as one storm. Clearly the mass
rainfall curves demonstrate that the Penrose storm fits in this category.
Additionally, no cyclonic weather system is present near the area of heavy
rainfall at the time. Based on the examination of the five criteria it is
concluded that the Penrose storm belongs in the convective group.
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2.5.2.2 Simple/Complex. Having placed the storm in the convective group, the
final decision 1s a cholce between a complex or simple storm. The effective
storm duration and total storm area were much greater than the limiting values of
& hr and 500 mi“ for simple convective storms. The total storm area was
144,000 mi“, Examination of mass curves of rainfall and the 1isohyetal pattern
indicate that the storm could have been analyzed in several sectigns, though each
of these sections would also have exceeded the 6-hr and 500-miZ criteria for a
simple convective storm. The Penrose storm was given a final classification as a
complex convective storm,

2.5.3 Classification of Storms by Type

All important storms (table 2.2) considered in developing PMP estimates for the
study reglon were examined and classified by storm type. Some additional storms
from the more comprehensive list of major storms (table 2.1) were also classified
by storm type to aid in the initial determination of storm transposition
limits. The storms are listed in table 2.3, grouped by appropriate storm type.
Within each storm type, the storms where orography played a significant role in
the precipitation process are grouped separately from those where orography

Table 2.3.~-List of storms of record considered for CD-103 region by storm type

Storm number Name Date
Low Pressure System (Orographic)

1. Ward bistrict, CO May 29-31, 1894

3. Big Timber, MT April 22-24, 1900

6. Boxelder, CO May 1-3, 1904

7. Spearfish, SD June 2-5, 1904

10. Warrick, MT : June 6-8, 1906

12. Choteau, MT June 21-23, 1907

13, : Evans, MT June 3-6, 1908

14. Norris, MT May 22-24, 1909

19, Ft. Union, NM June 6-12, 1913
28, Browning, MT September 27-28, 1919
30. Fry's Ranch, CO April l4-16, 1921
36, Hays, MT - June 16-21, 1923
45, Westcliffe, CO April 19-22, 1933
50. Circle, MT June 11-13, 1937
52, Big Timber, MT May 17-20, 1938

68. Dupuyer, MT June 16-17, 1948
71. Belt, MT June 1-4, 1953
75. Gibson Dam, MT June 6-8, 1964
79. Broomfield, CO May S5-6, 1973
Low Pressure System (Least Orographic)

86, May Valley, CO _ October 18-1%, 1908
16. Knobles Ranch, MT September 3-6, 1911
20. Clayton, NM April 29-May 2, 1914
32. Springbrock, MT June 17-21, 1921

38. Savageton, WY September 27-Oct. 1, 1923
58, McColleum Ranch, NM September 20-23, 1941
61, Dooley, MT March 13-17, 1943
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Table 2.3.—-List of storms of record considered foi CDh-

103 region by storm type —

(contimed)
Storm nuumber Name Date
Cold Front (Orographic)

8-
23.
33.
35.
37.
57.
59.
77,

15.
25.
44,
56,
62.

2?.
60,

105.
112,
116,
117.

11,
29,
i1,
41.
46,
53.
54,
66.
78.
81.

21.
40.
42.

43,

Rocliada, NM

Tajique, NM

Denver, CO

Virsylvia, KM
Sheridan, WY

Campbell Farm Camp, MT
Tularosa, NM

Big Elk Meadow, CO

Cold Front

Half Moon Pass, MT
Lakewood, NM
Porter, NM
Prairieview, NM

Colony, WY

Tropical Cyclone

Meek, NM
Rancho Grande, NM

Tropical Cyclone

Broome, TX
Vic Pilerce, TX
Medina, TX
Albany, TX

Complex Convective

Ft. Meade, SD
Vale, SD

Penrose, CO
Cheesman, CO
Kassler, CO
Loveland, CO
Waterdale, CO

Ft. Collins, CO
Rapid City, SD
Big Thompson, CO

Complex Convective

Malta, MT .
Beach, ND
Valmora, NM

Gallinas Plant
Station, NM
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September 26-~30, 1904
July 19-28, 1915
Angust 17-25, 1921
August 17, 1922

July 22-26, 1923
September 6-8, 1941
September 27-29, 194}
May 4-8, 1969

(Least Orographic)

June 7-8, 1910
August 7-8, 1916
October 9-12, 1930
May 20-25, 1941
June 2-5, 1944

{(Orographic)

September 15-17, 1919

(Least Qrographic)

September 14-18, 1936
June 23-28, 1954
August 1-4, 1978
August 1-4, 1978

(Orographic)

June 12-13, 1907

May 9-12, 1920

June 2-6, 1921

July 19-24, 1929
September 9-11, 1933
Aug. 30-Sept. 4, 1938
Aug. 31-Sept. 4, 1938
May 30, 1948

June 9, 1972

July 31-Aug. 1, 1976

(Least Orographic)

June 12-14, 1914
June 67, 1929
August 6-11, 1929

September 20-23, 1929



Table 2.3.—-List of storms of record considered for CD-103 region by storm type -
(continued)

Storm number Name Date

47, Cherry Creek, CO May 30-31, 1935

101, Hale, CO May 30-31, 1935
49, Ragland, NM May 26-30, 1937
108, Snyder, TX June 19-20, 1939
111, Del Rio, TX June 23-24, 1948

72, Buffalo Gap, Sask. May~30, 1961

73. Lafleche Sask June 12-13, 1962
74, Bracken, Sask July 13-14, 1962
76, Plum Creek, CO June 13-20, 1965
114, Glen Ullin, ND June 24, 1966
82, White Sands, NM August 19, 1978

Simple Convective

{Orographic)

48, Las Cruces, NM August 29-30, 1935°
67, Golden, CO June 7, 1948

Simple Convective (Least Orographic)_
55. Masonville, CO September 10, 1938

played a minimal role. The simple convective storms listed at the end of the
table are among those which are considered appropriate for use in determining
local storm criteria. Development of the local storm criteria is discussed more
completely in chapter 12. The locations of the important storms (table 2.2) for
determining PMP, identified by appropriate storm type, are shown in figure 2.31.

Tracks of tropical storms listed in table 2.4, are shown in figure 2.32. The
tracks are composed of two segments. Solid lines are tracks extracted from
Neumann et al. (1981}, and dashed line segments are extrapclated using either
surface weather observations at 0600 or from reported precipitation amounts. The

Table 2.4.—-Dates of tropical storms affecting southerm portion of CD-103 region

From Neumann et al. Plotted in From Neumann et al. Plotted in
(1981) figure 2.32 (1981) figure 2.32
7/13-22/09 7/21-26/09 9/10-14/36 9/13-14/36
8/20-28/09 - 9/11-16/41 -
6/22-28/13 6/27-28/113 8/21-31/42 8/29-9/1/42
8/12-19/16 8/18-21/16 8/24-29/45 8/27-31/45
9/12-15/19 9/14-18/1%9 7/31-8/2/47 -
6/12=16/22 - 6/24-26/54 6/25-28/54
9/6-7/25 - : 6/14-16/58 6/15-16/58
6/26-29/29 6/28=7/1/29 7/22=27/59 -
8/11-14/32 - 8/5-8/64 -
7/21-26/34 - 7/30=8/5/70 8/3-5/70
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Figure 2.31.—Location of table 2.2 storms by storm type.
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precipitation was typically an accumulation over a 3~day time span, but could be
for a perlod as short as 24 hr, or for as long as 6 days. Precipitation was
always clearly associated with the tropical storm. Where possible, rainfall
maxima were determined near the coast, the east-ceutral region and the western
third of Texas, to provide some idea of the change of potential rainfall for a
SEOTMm.

3. TERRAIN CLASSIFICATION SYSTEM
3.1 Introduction

At the onset of the CD-103 study, it was recognized that terrain within the
region was extremely complex. It was useful, therefore, to subdivide the region
according to some classification system. Thls would allow for consideration of
different approaches to developing PMP within different subdivisions that might
have varying degrees of orographliec effects, or aid in defining storm
transposition limits.

' 3.2 Classification

The terrain classification system that evolved recognized several different
types of terrain 1influence. Of most importance was the separation into
orographic and nonorograpbhic regions. Within the orographic region, 1t was
important to recognize the differences in effect of first and second upslopes.

3.2.1 Orographic/Nonorographic Line

First, it was necessary to develop a division between orographic and non—
orographic regions. The Great Plains region is a relatively flat region with
elevations generally increasing to the north and west. In HMR No. 51, a gentle
upslope correction was applied to account for the loss of moisture at higher
elevations., In the present study, this factor is considered in the moisture
adjustment procedure. Within this region, there are no prominent orographic
features which would stimulate or enbance precipitation in a storm of the
magnitude of the PMP. This region is considered nonorographic 1in the study.
Exactly how far westward this nonorographic region should extend 1is subiect to
question, although the Rocky Mountains are certainly orographic. The influence
of orography on moist alr inflow from the Gulf of Mexico was chosen as the key
criteria. TInflow winds would be essentially from the east and would be minimally
affected by terrain until they encountered the first upslopes 1in the
CD-103 region. TUpslopes in this study were rapresented by changes in elevation
greater or equal to 1,000 ft in 5 mi or less. A smooth line was drawn connecting
locations that satisfied the base level of this gradient.

Second, orographic stimulation is a term applied when the effects of terrain
influence on the atmosphere in producing precipitation appear at some distance
upwind of any actual terrain feature. 1In this sense, the effect occurs in what
could be considered a nonorographic environment. The distance over which such
effects occur is not well known since they are influenced by the steepness of the
slope, height and lateral extent of the barrier and direction of inflow wind in
major storms agalnst the barrier. A distance of about 20 mi was considered
reasonable to represent the extension of orographic influence into surrounding
nonorographic terrain. Stimulation was also considered in HMR No. 43 where it
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was applied to the reglons west of the
Cascade Divide. Distance intervals
used in HMR No. 43 are larger than 1in
the present study, because of generally
stronger winds within more stable ailr
in that region.

As a result of stimulation
considerations, another smooth
enveloping 1line was drawn from the

- Canadian border to the Mexican border,
roughly 20 mi east of the base of the
first wupslopes, and this 1line was
eventually adopted as representing a
logical division between orographic and
nonorographic regions. The adopted
location of the orographic
separation line (0SL) is shown in
figure 3.1, An additional orographic
subdivision was necessary in Montana to
delineate the orographic region
enclosing the Bear Paw Mountains.
"Another subdivision of similar nature
was drawn arocund the Black Hills in
South Dakota.

It should be noted that in following
" the rather simple guidelines for
locating the orographic separation
line, placement was somewhat obvious
through Montana and Colorado. In
Wyoming, however, placement 1s not
always as clear. This is especially
the case in the central part of the
state where no notably steep slopes
occur and the flow 1is more along the
barriers than normal to them. In this
region, the outline of the Wind River
Valley (fig. 3.1) was followed.

3.2.2 First Upslopes

After separating the  hroadscale
orographic/nonorographic regions, the
orographic region was examined for
possible further subdivision,. One

readily apparent the
first upslopes.
terrain, the first upslopes
precipitation.

in producing precipitation only

subregion was

101

i 49

| |

i epara Tn
I ! = —

Figure 3.1.—Study region showing
line separating orographic and
nonorographic regions (orographic
separation lipe — OSL).

When considering the flow of moist alir 1in passing over such
generally have
The secondary upslopes, behind the first upslopes, are effective
to the extent that they rise bigher than the

the greatest effect in producing

first upslopes, or that the air can descend and be lifted again when encountering

the second slopes.
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Terrain maps were again analyzed to
designate the limit of first upslopes.
A broadscale consideration was to place

this 1imit at the Continental Divide,
unless multiple ridgelines occurred
upwind. The dashed line in figure 3.2
shows the result of these
considerations., It should be
emphasized that this separation was
based on major - crests, not minor
interruptions to a general wupslope.

The portlon to the east of this dashed
line in the CD-103 region is referred
to as the first upslope subdivision,
while the region west of this line
contains secondary orographic slopes.
Particularly in Wyoming, the placement
of ‘the dashed line was poorly defined
by the terrain. A number of choices
were possible and the selection shown
in figure 3.2 was considered to be the
most Yogleal.

3,2.3 Sheltered Least
-Subdivisions

Orographie

For much of Wyoming and some parts.of

Meontana, Colorade and New Mexico, 1t
was apparent that there would be
subdivisions of sheltered conditions to
the west of the first upslope
subdivision. Ags an appreoach to
locating such subdivisions, the
horizontal gradient of terrain was
considered. A tentative sheltered
least orographic subdivision  was

designated when the terrain gradient

was essentially flat over a distance
exceeding 10 mi, to the west of the
first wupslope subdivision. It was
further examined on the basis of the
apparent effect the terrain gradient
(upslope) had on the 100-yr 24-hr
precipitation. The subdivisions tenta-
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Figure }.2.--Approximate boundaries

of terrain subdivisions used in
this study.

tively designated sheltered least orographic were found to be somewhat consistent
with zones having less than or equal to 3.0 in. of 100-yr 24-hr precipitation

(Miller et al. 1973)., On this basis,

portions of the CD-103 region, where the

100-yr 24~hr precipitation was less than or equal to 3.0 in., and located west of
the 1imit of the first upslopes, were designated as sheltered least orographic.

An exception to this apparent agreement occurs in New Mexico,
precipitation 1s

36°N, where 100-yr 24-hr

south of about

generally greater than 3.0 in.

Nevertheless, a sheltered least orographic subdivision was designated in southern

New Mexico (fig. 3.2).
during the aerial reconnaissance of

Thiz declsion was in part a result of observations made
this region (sec. 1.6)}.
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3.2.4 Sheltered Orographic
Subdivisions 113 s} 10 101

orographic subdivision boundary line L 49

(limit of the first wupslopes) was

i
designated as sheltered orographic. ! l
These sheltered orographic slopes exert !
5

3 O
The region between the sheltered /
least orographic subdivision and the { ’ I
less influence on moisture flows than 45

do similar slopes in the orographic A
subdivision. .k > 45
3.3 Barrier/Effective Elevation Map ' Y

i- -4

It is customary when discussing moist 4

alr flow 1In orographic terrain to

congider the effect of the terrain on N\ 4
the moisture. One of the primary . '“
effects is that in passing over a major . z -

ridgeline, saturated air will 1lose
moisture through precipitation. Thus,
when considering conditions in the lee 3

of major ridges, the moisture potential : 3 7
18 reduced. In hydrometeorological =t
applications, ic is assumed that ' ' I

P

' 13

]

|

.q

100 percent of the moisture available
beneath the height of the ridge 1s lost
by the alr passing across the ridge. {33 - ]

Thus, the ridge is referred to as a ![ 33
barrier. .. !E :

To determine where such barriers
exist in the CD-103 region, the inflow '
directions that would 9prevail in 29 .
PMP-type storms were considered. It N
was assumed that such -storms can be 109 105 10 29
approximated by major storms of record,
and the mean winds for such storms in
the CD~103 region were evaluated. In Figure 3.3.—Range of inflow wind

the southern portion of the region, directions for PMP type storm.
moist inflows are southerly. In the

northern portion of the region, moisture inflow to some storms appears to have a
northerly component. Reference to the discussion of major storms (chapt. 2)
clarifies this situation.

Inflow directions can be represented by a range of roughly 90 degrees
throughout the study regicen. Figure 3.3 shows the results of the review of
inflow directions to major storms. A gradual variation from southerly to
easterly to northerly direetions with increasing latitude has been smoothed into
the results shown.
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Figure 3.4.—Barrier/smoothed elevation map (in 1,000's of ft) for a 2° latitude
band (38° to 40°N) through Colorado.

The next step was to consider terrain elevations. It was impractical to con-
sider the detaill in elevation contours found on maps of the scale of 1:250,000,
or less. A map scale of 1:1,000,000 was chosen for a basic work chart. Contours
of elevation had previously been extracted, with a small degree of smoothing, for
the development of NOAA Atlas 2 (Miller et al. 1973). These contour maps were
used as the first approximation to the base maps in this study. Some additicnal
smoothing was made to the NOAA Atlas 2 elevation contours by eliminating
topographic features on the order of 10 mi or less. The degree of smoothing
decreased, however, as elevation increases.

A barrier map was prepared by considering inflow directions and their affect on
alir encountering the smoothed elevation contours. In the atmosphere, air not
only flows over ridges, it flows also around the ends of such obstacles.
Therefore, it is necessary to judge how moist alr flow affects the region behind
a barrier. This consideration is important primarily for smaller barriers (order
of less than 100 mi in breadth). TIn such situatfons, the rule applied in the HMR
No. 49 study was used In this study. This rule states that airflow around these
obstacles would be brought together on the leeside of the obstacle at a distance

1.5 times the breadth of the barrier.
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With these considerations in mind, the entire CD-103 region was analyzed to
produce a barrier/effective elevation map. Because of the difficulty in showing
detall at page-size scale, only a portion .of the map for Colorado has been shown
in figure 3.4, as an example, FElevation ranges of meteorologically significant

barriers are between 4,000 and 12,000 ft in Colorado. The flow can be
perpendicular as well as parallel, to the ridge lines. This is particularly true
in New Mexico. Where this is true, ridges were considered ineffective as
barriers,

4. MAXTMUM PERSISTING 12-HR 1000-MB DEW POINTS
4.1 Background

The basic steps leading to precipitation are: (1) sufficient atmospherie
moisture, (2) cooling of the air, (3) condensation of water vapor into liquid or
solid form, and (4) growth of condensation products to precipitation size. The
measure of water vapor in the afr used in hydrometeorological studies is
precipitable water. Two measures of moisture are needed in PMP studies; the
amount in individual storms and the maximum amount that can ocecur. Since the
precipitable water measurements are not directly available prior to the 1940's
and since even the curtent measurements do mnot always provide an adequate
geographic coverage, a surface measurement of moisture has been used. Dew-point
data were selected for use since they are: 1) good measures of moisture in storm
situations, (particularly in the lowest layers), 2) observed at a dense network
of stations, and 3) available for a long period of record.

Maximuam persisting 12-hr 1000-mb dew points are used as a measure of the
maximum precipitable water that can be expected in various regions of the United
States 1in various months. The initial dew-point study was completed in the early
1940's., For the western United States, maximum persisting 12-hr 1000-mb dew
points for individual stations for durations from 12 to 96 hr were published in
Weather Bureau Technical Paper No. 5, "Maximum Persisting Dew Points in the
Western United States,” (U.S. Weather Bureau 1948), Subsequently, maps of
maximum persisting l2-hr dew polnts for the entire United States were published
in the “Climatic Atlas of the United States” (Environmental Data
Services 1968). For most of the United States, the maps were based on records
from selected Weather Bureau first order stations from the beginning of
observations to 1946. For New York and New England, they were updated using data
through 1952 with some consideration given to maximum sea-surface temperatures in
shaping the dew-point lines. For California, updated maps were prepared using
data through 1958 for the months of October through April, when PMP studies were
done for that region (U.S. Weather Bureau 1961). 1In subsequent studies, the maps
of maximum persisting dew points were updated for the Pacific Northwest
(U.S. Weather Bureau 1966) and the Colorado River and Great Basin in
Hydrometeorological Report No. 50, "Meteorology of Important Rainstorms in the
Colorado River and Great Basin Drainages” (Hansen and Schwarz 1981).

For the present study, it was considered desirable to update the maps appearing
in the Climatic Atlas of the United States. Moilsture flow for the major storms
in this region primarily originates over the Gulf of Mexico and moves northward
acrogs the midwestern portion of the country. Thus, surface dew points were

examined for stations in the central portion of the United States.
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Table 4.1.--Stations wused 1in revision

dew—point charts

of maximum persisting 12-hr

1000—mb

14

1.
2.
3.
4,
5.
6-
7-
8-
'9-
10.
1t.
12,
13,

15.
16,
17.
18,
19.
20.
21.
22.
23.
24,
25.
26.
27.
28,
29,
30.
31.
32,
33.
34.
35.
36.
37.
38,
39.
40.

Aberdeen, 5D
Abilene, TX
Alamosa, CO
Albuquerque, NM
Alexandria, LA
Amarillo, TX
Austin, TX
Billings, MT
Bismarck, ND
Brownsville, TX

-Casper, WY

Cheyenne, WY
Clayton, NM
Columbia, MO

Colerado Springs, CO

Concordia, K8
Corpus Christi, TX
Cut Bank, MT
Dallas, TX

Del Rio, TX
Denver, CO
billon, MT

Dodge City, XS
Eagle, CO

El Paso, TX
Enid, OK

Fargo, ND

Fort Smith, AR
Galveston, TX
Glasgow, MT
Goodland, KS
Grand Forks, ND
Grand Island, NE
Grand Junction, CO
Great Falls, MT
Havre, MT
Helena, MT
Huron, SD
Houston, TX
Kalispell, MT

41.
42,
43,
44,
45.
46.
47.
48.
4G,
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60,
61.
62.
63.
64.
65.
66.
67.
68.
69.
70,
71,
72.
73,
74,
75.
76,
77,
78.
79.
80.
81.

Kansas City, MO
Lander, WY
Lewistown, MT
Little Rock, AR
Lubbock, TX
Mason City, IA
Midland, TX
Miles City, MT
Minot, ND
Missoula, MT
Norfolk, NE
North Platte, NE
Oklahoma City, OK
Omaha, NE

Port Arthur, TX
Pierre, SD
Pueblo, CO

Rapid City, SD
Rock Springs, WY
Roswell, NM
Roswell, Walker AFB, NM
Salina, KS

S8an Angelo, TX
San Antonio, TX
Scottsbluff, NE
Sheridan, WY
Shreveport, LA
Sioux City, TA
Sioux Falls, SD
Spokane, WA
Springfield, MO
5t. Joseph, MO
St. Louis, MO
Topeka, KS
Tulsa, OK

Vichy, MO
Victoria, TX
Waco, TX
Wichita, KS
Wichita Falls, TX
Williston, ND

Divide and 7 stations west of the Continental Divide.
table 4.1 and

in

4.2 Data Collection

The basic data for this part of the study were obtalned from the synoptic
weather reports for 74 stations between the 94th meridian and the Continental

their

locations

are

shown
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stations are available on a serlies of
maintained by the Office of Hydrology.

The first step 1in collecting the
variation of maximum persisting 12-~hr
this purpose, the mid-month value was

data was
dew points at each of these stations.
determined for each station for each month

computer data tapes (Peck et al. 1977)

seasonal
For

to determine eurrent
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from the existing wmaps of maximum persisting 12-hr 1000~mb dew points
(Environmental Data Service 1968). The values were adjusted to the station
elevation by the pseudoadisbatic lapse rate, approximately -2.4°F per 1,000 ft,
and a seasonal variation curve drawn for each station. From these curves, the
minimum value was determined for each station for each month and established as a
threshold value. This dew point was the lowest wvalue along the seascnal
variation curve and ceccurred on either the first or last of the month. For
example (fig. 4.2), for Roswell, NM a value of 553°F was determined for the
station dew—point value for the first of April.

Thirty-one years of data, from 1948 through 1978, on the data tapes were
searched with additional checks made for known instances of significant
precipitation and moisture threough 1981. For each station, those 12-bhr periods
were listed where the dew point continually equalled or exceeded the threshold
value for a particular month. Since the data were at 3-hr intervals, this meant
the lowest dew point of five consecutive values was used as the maximum

persisting 12-hr value. Minimum temperatures were checked to 1insure the
temperature did not fall below the selected dew point between observation
times. If more than one of the five reports was missing the serles was

rejected. All values which exceeded the smooth seasonal curve by more than 2°F
for each station, listed in table 4.2, for the date of occurrence, were
verified. The first check of the values was to examine the values published in
the Local Climatological Data (National Climatic Data Center 1948 -) to 1nsure
that correct wvalues had been entered on the data tape. A second and wmore
significant check was made with the Historical Daily Weather Maps (Environmental
Data Service 1899-~1971) for the date of occurrence. Maximum persisting 12=hr dew
polnts are assumed to be representative of storm conditions. The general weather
situations were examined to insure that they were favorable for supporting high
moisture that could contribute to large precipitation amounts.

4.3 Apalysis

New seasonal curves were prepared for each station. Figure 4.2 shows an
example of such a curve. In the example, the values which exceed the previous
curve are shown by the small squares and the revision to the existing seasonal
carve 1s shown by the dashed line. 1In developing these analyses, consideration
was given to data at surrounding stations, while still attempting to maintain a
minimum envelopment of the individual station data. The next step was to read
the values at mid-month for each station for each month. These values were then
plotted on the original dew-point charts and the lsolines redrawn for the new
seasonal mid-month values.

After the maps for all 12 months were completed it was necessary to insure that
regional and seasonal consistency was maintained. Seasonal curves were drawn at
4-degree 1intervals of latitude along the 97th, 10lst, 103rd, 105th and 109th
meridians, and at selective points along the Continental Divide and throughout
the region. Figure 4.3 shows an example of these curves along the 103rd meridian
for 31, 35, 39, 43 and 47 degrees latitude. The dashed lines are the results of
the initial analysis. The curves along the meridians were then used to adjust
and modify the initial analysis 1into a consistent set of regional and seasonal
curves. The revislons are shown as the solid lines on figure 4.3, Where only
dashed lines are shown, the Initial analysis did not reguire further smoothing.
The final step was to compare the mid-montb values from the revised maps with the
data on the original set of station seasonal curves. These mid-month values are
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Table 4.2.-—-Persisting 12-hr dew points 2°F or more above existing criteria on
date of occurrence

Station Date of Occurrence Station dew point

Sioux City, IA July 12, 1969 79°
July 19, 1966 77°

Vichy, MO Aug. 20, 1952 78°
Dec. 15, 1948 62°

Omaha, NE June 11, 1953 77°
Dec. 11, 1965 59°

Miles City, MT June 11, 1953 69°
Wichita, KS Jan. 12, 1960 58°
Port Arthur, TX Nov. 22, 1973 75°
San Antonio, TX May 18, 1966 76°
Galveston, TX June 28, 1952 81°
June 26, 1952 80°

Aug. 28, 1951 80°

Sept. 1, 1954 80°

Sept. 27, 1958 80°

Grand Island, NE Aug. 28, 1954 74°
Aberdeen, SD July 1, 1953 74°
' July 27, 1949 : 75°
$t. Louls, MO Dec. 15, 1948 62°
Topeka, KS ' July 12, 1969 77°
July 17, 1969 77°

Jan. 12, 1960 : 59°

Kansas City, K8 Aug. 6, 1962 77°
Jan, 12, 1960 59°

Jan. 30, 1968 58°

Tulsa, OK Dec. 15, 1948 65°
San Angelo, TX Apr. 29, 1954 71°
Del Rio, TX May 23, 1966 75°
Dallas, TX May 17, 1966 76°
Enid, OK : : July 2, 1957 76°
July 6, 1949 76°

July 7, 1949 76°

Burlington, IA July 23, 1965 77°
North Platte, NE Aug. 29, 1951 71°
Rapid City, SD June 11, 1953 68°
Victoria, TX Nov. 27, 1973 75°
Corpus Christi, TX Sept. 13, 1978 80°
Sept, 15, 1978 80°

Cut Bank, MT Jan. 21, 1968 38°

shown as trlangles om the example shown in figure 4.2. This was done to insure
that excessive envelopment of station data did not occur and that the shape of
the curves conformed to the shape determined from the station data.

Figure 4.4 shows comparison of the two analyses for the month of July,  the old
analysis (dashed lines), and the new analysis (solid lines). In preparing the
analysis, three criteria were congidered: a) the minimum envelopment possible
for the dew-point values from the station curves was desired and considering that
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Figure 4.3.—Regional smoothing and consistency checks for maximum persisting
12-hr 1000-mb dew points along the 103rd meridian.

values were plotted only to whole degrees, a varilation from the isolines of plus
or minue a half degree from station values was allowed; b) values had to be
supported by more than a single station within a region; and ¢) an upper limit of
80 degrees was the highest persisting 12-hr dew point that would be accepted.

Previous analyses have accepted an upper limit of 78 degrees. Earlier, it was
considered that the sea-surface temperatures of the warm waters of the Gulf of
Mexico in excess of 78 degrees were not sufficient in extent to support moisture
through depth for a higher surface dew point. Examination of precipitable water
charts for recent periods when surface dew points along the gulf coast were
80 degrees or higher suggested that this lower limit was too restrictive. TIn
particular, the period of mid~September 1978, and early September 1954 suggested
that a limit for the maximum dew point of 80 degrees would be appropriate.

4.4 Other Studies

As discussed in section 4,1, maps of maximunm persisting 12-~hr 1000-mb dew
points for the region west of the Continental Divide had been revised in
HMR No. 43 (U.S. Weather Bureau 1966) and HMR No. 50 (Hansen and Schwarz 1981).
These maps were used as input values along the western edge of the analysis for
the present study. :

In the case of HMR No. 50, two sets of maps were prepared, one for the general
storm and one for the local storm (April to October only). The assumption was
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made in preparing these two analyses
that the local storm resulted partly

from a more limited molsture source,
that is, recharge from prior
precipitation into the local area
provided a significant input.
Therefore, the moisture charge may be
locally larger than for the general

storm which required a broad sustained
inflow from a moisture source region.
Although we have continued the two-
storm concept into the region east of
the Continental Divide, we chose not to
extend the double set of dew point
analyses as the differences would be
minimal. For those regions where the
local storm controls, it 1s believed
that moisture regults from inflow
somewhat similar to that in the general
gstorm, though in the local storm
gituation it 1s more limited in
duration and width.

In the Pacific Northwest, the
dichotomy between moisture available
for the local and general storm was not
present and only one set of dew—point
charts was prepared. Comparison
between dew point values determined
from HMR No. 43, 1in general, showed
good agreement with values from the
present study. Differences 1In the
dew-point values between the two maps
could be atrributed to the longer
length of record in the present study.

4.5 Revised Seasonal Maps

Revised maps of maximum persisting
12-hr 1000-mb dew polnts are shown i1in
figures 4.5 through 4.16. These maps

were used in the moisture maximization
and transposition of storms in the
study region. They should be used in

any future study for this region until
alternate procedures are developed for
estimating moisture charge in storms.
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5. REPRESENTATIVE PERSISTING 12-HR 1000-MBR STORM DEW POINTS
5.1 Introduction

Representative storm dew points were available from other hydrometeorclegical
studies for most of the storms Important for determining PMP in the €D-103

region, These dew points were determined at different times by different
analysts. Although the same geuneral guidelines were followed, some variability
existed iIn the criteria used. As a result of concern for possible

inconsistencies, it was decided that fgr the present study, all important storms
would be reviewed to determine an appropriate representative storm dew point.

3.2 Criteria for Selecting Representative Storm Dew Points

Specific guidelines were formulated for selecting stations used to determine
the representative storm dew point in each storm. The guldelines used were:

1. A dew point that was equaled or exceeded for a period of 12 hr, as
with previous studies, was selected for each station.

2. A minimum of two stations were to be used. The fewer stations used
in averaging the data, the higher the storm dew point obtained, but
it was believed that using only one station could be
unrepresentative. A single statlon would be accepted in those cases,
however, when the station appeared to represent a narrow tongue of
moisture inflow to a small-area precipitation pattern as is typically
the case for 1local storms (chapt. 12), or when no other
representative data exist.

3. Stations were to be outside the rain area and along the inflow
trajectory. The representative moisture 1is that which 1s not
influenced by precipitation.

4. Stations in the upwind direction at a time that generally allows
trangport of the molsture to the precipitation site during a
reasonable interval cowmpatible with observed winds in the storm were
to be selected.

5. The distance to the stations selected for determining the storm dew
point were to be limited to that of synoptic scale phenomena (an
outside limit of !,000 mi has been placed on the reference distance,
although almost all storms considered had distances well short of

6. Stations being evalvated must show observations for almost all
reporting periods during the 12-hr perlod under consideration. This
is to say that a station which had missing data for more than half of
the 12-hr period being considered could not be included.

5.3 Selection of Representative Storm Dew Points
Using these guldelines, each storm considered important for determining PMP in

this region was reviewed. First the synoptic maps were examined to coonfirm a
general 1nflow trajectory. Then the stations which could he used to obtain a
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representative persisting 12-hr dew point were judged relative to the trajectory
and magnitude of surface dew polints {reduced to 1000 mb).

Table 5.1 documents the representative storm dew points that resulted from this
review. Additional information 1is provided for previous storm dew points, date
of beginning of the maximum 12-hr period, reference location, representative
persisting 12~hr 1000-mb storm dew points for each storm, and the maximum
persisting 12-hr 1000-mb dew point (sec. 4.5). A standard practice in
hydrometeorological studies is to select the maximum persisting 12-hr 1000-mb dew
point 15 days toward the warm season from the date of the storm {Schreiner and
Riedel 1978). This was done In this study. This practice recognizes that the
date of storm occurrence is not fixed and could be earlier or later than the
actual date. The practice will increase the moisture maximization factor 10 to
15 percent.

In table 5.1, "o0ld" refers to the values that were used for these storms prior
to this study, whereas "new" refers to the revigsed value from this study.
Twenty-three of the 32 storms with previous storm dew points were revised in some
manner. For those gtorms with no values 1listed under "o0ld,"” no previous
representative storm dew point was available. The final column in this table
lists the code letters for stations averaged to obtaln storm dew polnts.
Table 5.2 provides a list of the station names corresponding to the coded

entries.

In table 5.1, in addition to those for local storms {chapt. 12}, the Belt, MT
(71), Virsylvia, NM (35), and Rapid City, SD (78) storm dew points are single
station values. As Jjustification for the Belt storm, the statien at Glasgow
(GGW) was the only station available along a narrow inflow trajectory. No other
acceptable data were available for the Virsylvia, NM storm. For the Rapid City
storm, the station at Rapid City (RAP) provided the storm dew point. Although
the reference distance 1s particularly short, the dew points at this station
satisfied the guidelines set for this study. The dew points were taken prior to
the time precipitation began at Rapid City. Again, a relatively narrow moisture
band was involved in this storm (Schwarz et al. 1975).

As an example of the process followed 1in determining storm dew points,
figure 5.1 shows the situation for the Cherry Creek, €O storm {(47) of May
30-31, 1935, The open arrow depicts the inflow trajectory of maximum moisture
showlng a rather direct flow from the Gulf of Mexico to the storm location. Four
stations, Wichita Falls, Waco, Abilene and Ft. Worth, TX were selected to
represent the reglon of maximum atmospheric moisture. The centroid of the figure
formed by connecting these stations is the reference location for this storm. It
is 540 ml southeast of the storm site.

The data listed in figure 5.1 give the surface dew points at the four stations
reduced to 1000 mb for the period 0000 to 2100, May 30. Before and after this
period the dew points are less than those shown. For each observation time the
four station values are averaged. The highest 12=-hr set of averages occurs
between 0600 and 1800. The representative storm dew point is the highest value
common to all averaged values for the period. For the Cherry Creek storm, the
new storm dew point is 71°F,
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Table 5.1.——Representative persisting 12-hr 1000-mb storm and maximum dew points
for important storms in and near study region

Storm Storm Td Ref. Loc. Max. Td
No. Name 01d New Date+ 01d New 01d New Stations
1. Ward District, CO 62 64 30 3258E 3505F 75 77 AMA, DDC
6. Boxelder, CO 60 60 4 3508E 3208E 72 74 DEN, PUB, DDC,
OKC, ICT
8. Roclada, NM 72 72 28 1708SE  300ESE 76 77 ABIL, AMA
10. Warrick, MT 64 64 6 380ESE 380ESE 73 75 18N, PIR
13, Evans, MT 65 65 4 510ESE 510ESE 75 76 BIS, RAP, PIR,

VTN, HON

86. May Valley, CO 67 67 18  450SSE 4508SE 76 76 AMA, ABI, FIW,

SAT .
20. Clayton, NM 68 69 1 550SE  560SSE 76 77 SAT, DRT, CRP
23. Tajique, NM 69 69 21 B0SE  160SSE 77 78 ELP, ROW
25, Lakewood, NM - 76 7 - 3508E - 79 DRT, SAT
27. Meek, NM 72 72 15 390ESE 4Q0ESE 78 79 AMA, ABI, FTW,
OKC, SAT, GBK
30. Fry's Ranch, C0 56 63 15 550ESE 700SE 71 74 FWH, DAL
3l. Penrose, CO 67 70 4  4008E  350S8E 77 77 AMA, OKC
3z, Springbrook, MT 71 72 18  500ESE 370ESE /6 77 PIR, HON, FAR
35. Virsylvia, NM - 66 17 - 1205w - 77 ABQ
(Cetro)
38. Savageton, WY 68 72 28 5508E 530SE 75 76 FRI, CNK
44, Porter, NM 70 71 11  S540SE  380SE 78 77 DRT, AUS, FTW,
AB1
46, Kassler, CO 71 66 10  A4408SE  4208E 77 77 OKC, DDC
47. Cherry Creek, CO 72 71 30 540SE 5608E 76 79 ABI, ACT, FTW,
S5PS
101, Hale, CO 72 71 30 540SE  560SE 76 79 ABL, ACT, FTW,
SES
48, Las Cruces, NM* - 1 30 - - - 78 ELP
105. Broome, TX 77 77 14  3508SE 3508SE 78 B0 CRP, BRO
53. Loveland, CO 71 71 1 180SE  210SE 76 76 PUB, GLD
55. Masounville, CO* - 65 10 - - - 74 AXO
108, Soyder, TX 73 75 19 I100SE  340SSE 78 79 SAT, CRP
56, Prairieview, NM 70 73 20 3%90SE  370S8E 77 78 BAT, AUS
58. McColleum Ranch, 72 72 21 50SE  300SE 17 79 FELP, DRT, SAT,
NM CRP
60. Rancho Grande, NM 74 75 31 2508E  250SE 77 78 LBB, BG5S, ABI
66. Ft. Collins, CO 66 67 30 570SE  600SE 78 78 GAG, TUL
67. Golden, CO* 65 65 7 - - 76 75 AMA
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Table 5.1.--Representative persisting 12-hr 1000~mb storm and maximum dew points for
important storms in and near study region (continued)

Storm Storm Td Ref. Loc. Max. Td
No. Name 01ld New Date+ 01d New 01d New Stations
68. Dupuyer, MT 63 63 17 6O0ESE 600ESE 76 77 RAP, MBG, HON,
PIR
111. Del Rio, TX 74 74 24 2208E 2208E 78 80 LRD, BRO, CRP
71. Belt, MT - 64 2 - 200ENE - 71 GGW
112. Vic Plerce, TX 75 75 26 250SE  250SE 78 80 BRO, CRP, LRD,
SAT, DRT, ALI,
HRL
72, Buffalo Gap, Sask. -~ 64 29 - 5208 - 74 (CYS, BFF

75. Gibson Dam, MT 64 66 8 310ESE 1000ESE 72 77 CHNK, DDC
76. Plum Creek, CO 71 72 17 3008E 180SSE 76 76 TAD, DHT
114. Glen Ullin, ND - 68 24 - 1808E - 76 HON, ABR
7
9

77. Big Elk Meadow, CO - 65 - 300ESE - 74 CKK, GLD, DDC
78.  Rapid City, SD 72 72 158E  158E 74 75 RAP

79.  Broomfield, CO - 60 6 - 130SE ~ 71 PUB, GLD

81. Big Thompson, CO - 71 31 - 210ESE - 77 ARO, GLD, RHLC
82. White Sands, NM - 67 19 - 60F - 78 ROW, ELP

116. Medina, TX 78 77 2 2108E 170SE 78 80 CrP, VCT

Maximum T; selected 15 days into warm season (see text)

*Criteria for maximum persisting 12-hr 1000-mb dew points were selected at the
storm location (sec. 12.,3.2,2).

+Date for new storm dew point. See table 2.1 for complete storm date

Table 5.2.——Index to stations used to determine representative persisting 12-hr
1000—mb storm dew points

Three Three Three

letter Station letter Station letter Station
In name ID name 1D name
ABI Abilene, TX DDC  Dodge City, KS ISN Williston, ND
ABQ Albuquergue, NM DEN Denver, CO LBB  Lubbock, TX
ABR Aberdeen, 5D DHT bDalhart, TX LRD  Larede, TX
ACT Waco, TX DRT Del Rio, TX MBG Mobridge, SD
ARO Akron, CO ELP El Paso, TX MLS Miles City, MT
ALT Alice, TX FAR Fargo, ND OKC Oklahoma City, OK
AMA  Amarillo, TX FRI Ft. Riley, KS PIR  Pierre, SD
AUS Austin, TX FTW Ft. Worth, TX PUB  Pueblo, CO
BFF Scottshluff, NE GAG Gage, 0K RAP  Rapid City, SD
BGS Big Springs, TX GBK Grosbeck, TX ROW  Roswell, NM
BIL Billings, MT GGW Glasgow, MT SAT  San Antonio, TX
BRO Brownsville, TX GLD Goodland, KS 8PS  Wichita Falls, TX
CNK Concordlia, K8 HLC Hill City, KS TAD Trinidad, CO
CRP Corpus Christi, TX HON Huron, SD TUL Tulsa, OK
CYS Cheyenne, WY HRL Harlingen, TX VCT Victoria, TX
DAL Dallas, TX ICT Wichita, K8 VIN Valentine, NE
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Figure 5.1.—Example of the selection of representative persisting 12-hr storm
dew point for the Cherry Creek, CO storm (47) of May 30-31, 1935.



5.4 Storm Moisture Maximization Factors

It has been the practice 1in hydrometeorology to compute an in-place moisture
maximization factor for a storm based on the ratio of precipitable water
equivalent of the maximum persisting 12-hr 1000-mb dew point for the date of
storm occurrence (plus 15 days) to that of the representative persisting 12-hr
1000-mb dew point. To do so assumes that the storm locations will be at a
relatively low elevation (up to about 1500 ft), so that any correction for
elevation above 1000 mb will be relatively insignificant., This assumption has
been used in many PMP studies and was used for HMR No. 51 (8chreiner and
Riedel 1978),

In order to make comparisons with the previously determined moisture
maximization factors, new values were computed using the ratio of precipitable
water values associated with maximum and representative persisting 12-hr 1000-mb
dew points uncorrected for elevation for the storms in table 2.2. This
adjustment is shown in table 5.3 (column 2) as the "new" value in percent. The
"01d" value (column 1) is the one which had previously been used, based omn
preclpitable water values associated with earlier determinations of
representative storm and maximum persisting dew points. Since most storms of
Interest to this study occur at elevations above 3,000 ft, it was necessary to
include an elevation consideration in the maximization computations. The
maximization factor is a ratio of precipitable waters as before, but the amount
of the precipitable water below the effective elevation of the storm site is
subtracted. As an example, consider the first storm in table 5.3, Ward
bPistrict, CO, which occurs at 9,600 ft. From table 5.1, the storm dew point 1is
64°F at the reference location (reduced to the equivalent 1000-mb value), and the
maximum persisting dew point is 77°F (also at the reference location, and 1000-mb
elevation}. From tables of precipitable water (U.S. Weather Bureau 1951), the
precipitable water equivalents for these dew points are 1,69 and 3.19 in.,
respectively. The ratio of larger to smaller value, uncorrected for elevation,
is 189 percent. Considering the elevation of 9,600 ft., precipitable water
amounts of 1.92 and 1.17 in. must be subtracted from the numerator and
denominator, respectively. Forming the new ratio of 1.27 divided by 0.52 in.
results in a maximization factor of 244 percent, a considerable increase from the
factor uncorrected for elevation. The elevation corrected adjustment factors for
all 43 storms are listed in table 5.3 (column 3).

Concern was expressed in HMR No. 51 for the upper limit to which moisture
maximization factors appeared reasonable. In HMR No. 51, factors greater than
150 percent were accepted if the maximized value could be supported reasonably
well by surrounding storm depths with lesser adjustments, If no support from
surrounding storms was found, a limit of 150 percent was imposed. In the present
study a similar consideration was made, and in the nonorographic region east of
the orographic separation line the same limit was used. Because of the effect of
the elevation correction in ralsing most adjustment factors, in the more
mountainous regions (west of the orographic separation line) a limit was set at
170 percent. In the case of the adjust